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Metal–organic frameworks (MOFs) are a highly topical class of three-dimensional porous materials proposed for 
applications such as gas storage, separations, and catalysis. Typically, MOFs are synthesised as microcrystalline powders 
of nanometer- to millimetre-sized particles ill-suited to industrial settings without prior processing. However, recent 
research has revealed solid-liquid transitions within the family, which is used here to create a class of functional, stable 
and porous composite materials. Described herein is the design, synthesis and characterisation of MOF crystal–glass 
composites formed by dispersing crystalline MOFs within a MOF glass matrix. 
The first of these novel materials incorporates MIL-53 within a ZIF-62 glass matrix where the crystalline phase’s 
coordinative bonding and chemical structure are preserved. Whilst the phases are separated, the interfacial interactions 
between the proximate microdomains improve the mechanical properties of the glass composite. More significantly, the 
high-temperature, open-pore phase of MIL-53, which spontaneously transforms to a narrow pore phase upon cooling in 
the presence of water, is stabilised at room temperature in the crystal–glass composite. This leads to a significant 
improvement in CO2 adsorption capacity. This enhancement is further explored and maximised by synthesising a 
compositional series of composites. The distribution and integrity of the crystalline component in this series were 
determined, and these findings were used to identify the maximum crystalline loading and maximum CO2 adsorption 
capacity. 
In addition to the study of MIL-53, other MOF crystal-glass composite (MOF CGC) systems were explored, and the thermal 
stability considerations in the formation of MOF CGCs are highlighted. Resultantly, two separate MOFs were identified, 
MIL-118 and UL-MOF-1, with which MOF CGCs were successfully synthesised. These new materials, alongside the 
prototypical MOF CGC, formed using MIL-53, were studied using scanning electron microscopy, powder X-ray diffraction, 
and gas sorption techniques to reveal an approximate kinetic diameter limitation of gases that may permeate through 
the glass matrix. Furthermore, the thermal expansion behaviour of these three MOF CGCs was investigated. Specifically, 
variable-temperature powder X-ray diffraction data and thermomechanical analysis show the suppression of thermal 
expansivity in each of these three crystalline MOFs when suspended within a ZIF-62 glass matrix. In particular, for the 
two flexible frameworks, the average volumetric thermal expansion (αV) was found to be near-zero in the crystal–glass 
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Chapter 1 Introduction 
 
1.1 Porous Materials 
Simply speaking, porous materials comprise materials that possess empty space. Porous materials have been the 
backbone (quite literally) for much of life on Earth, including a variety of rocks, soil, wood, bone, and even biological 
tissue. The “holes” in these materials, often referred to as the void spaces, can range in size from visible holes, such as 
those in sponges, to angstrom-sized (×10-10 m) channels wherein gases pass through spaces as narrow as the molecules 
of the gases themselves. Since many of these void spaces are accessible, these materials’ effective surface area extends 
much farther than the outside surface, reaching values above 7000 m2/g.1 For perspective, a single gram of material with 
this surface area would be equivalent to 1.3 full-sized American football fields, and just over 45 kg would have an 
equivalent surface area to the entire island of Malta (316 km2). 
1.1.1 Nomenclature 
Technically, a porous solid is a solid material with cavities or channels deeper than they are wide, i.e. in practice, the 
cavities must extend significantly into the material.2 This definition excludes solids such as those patterned with 
hemispherical voids, such as the dimples on golf balls or the craters, basins, and maria that decorate the moon’s surface. 
Whilst the pores can vary in size by several orders of magnitude, the ones discussed most heavily here are those with 
pore sizes under 0.1 μm. Several families of porous materials exist below this threshold and are remarkable for their 
exceptional surface areas. The materials studied herein contain pores narrower than 100 nm and are termed nanoporous 
materials, which itself is separated into three general categories: macro- (>50 nm), meso- (2–50 nm), and micro- (<2 nm) 
porous materials whose delineation serve as conversational aids.  
It is important to note that not all porous samples are intrinsically porous. The exceptional surface areas of some materials 
can be induced via the templating or scaffolding of individual molecules through which the imperfect solid-state packing 
of these materials induces an extrinsic porosity.3 It is in the difference between intrinsic and extrinsic porosity that the 
difference between voids and pores is established. Voids are defined as the space between particles, whereas pores are 
the spaces or cavities within a particle.2 The resolution of voids and pores within a sample is often non-trivial since the 
magnitude of each type of cavity may overlap.  
 
2 
Table 1: Nomenclature of Porous Solids. Adapted from reference 2. 
Term Definition 
Porosity Ratio of total pore volume to apparent volume of particle or powder 
Total Porosity Ratio of volume of voids and pores (open and closed) to volume occupied by solid 
Open Porosity Ratio of volume of voids and open pores to volume occupied by solid 
Porous Solid Solid with cavities or channels which are deeper than wide 
Void Space between particles 
Open Pore Cavity or channel with access to the surface 
Interconnected Pore Pore which communicates with other pores 
Blind Pore (or dead-end pore) Pore with a single connection to the surface 
Closed Pore Cavity not connected to the surface 
Pore Size Pore width (diameter of cylindrical pore or distance between opposite walls of a 
slit) 
Nanopore Pore of internal width less than ~100 nm 
Micropore Pore of internal width <2 nm 
Mesopore Pore of internal width between 2 and 50 nm 
Macropore Pore of internal width >50 nm 
Pore Volume Volume of pores determined by stated method 
Surface Area Extent of surface assessed by a given method (experimental or theoretical) under 
stated conditions 
External Surface Area (1) Area of surface outside all pores 
(2) Area outside micropores 
Internal Surface Area (1) Area of all pore walls 
(2) Area of micropore walls 
True Density Density of solid, excluding pores and voids 
Apparent Density Density including closed and inaccessible pores, as determined by stated method 
 
For intrinsically porous materials, it is also important to understand how the pores extend through the material since this 
may influence whether the increased surface area in the material is accessible to the probe molecules. Some pores, for 
example in many hierarchically structured polymers, exhibit pores in their structures which are enclosed and cannot be 
accessed: these are called closed pores. These pockets affect measured values since they are indistinguishable from a 
non-porous area using typical porosimetric measurements. Resultantly, the reported values which rely on access to all 
surfaces do not reflect the true values of the system. For example, using gas sorption (see Section 3.1.9) the reported 
surface area will not reflect the true surface area since the probe will not be able to adsorb to the internal surfaces of the 
closed pores. 
1.1.2 Naturally Occurring Porous Materials 
There are numerous types and sources of naturally occurring porous materials, found in a vast span of biomes which may 
exhibit both intrinsic and extrinsic porosity (Figure 1). Functionally, the porosity observed for many living systems is 
necessary for their survival; most sea sponges rely on constant water flow through their bodies to obtain food and oxygen. 
Their porosity increases their surface area, enhancing the rate of uptake in both of these systems. Transitioning to a much 
smaller scale, the inner regions of bones are also porous (Figure 1c) but require a scanning electron microscope (SEM) to 
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observe. The porosity of bones allows for the improved storage of minerals and bone marrow to produce red and white 
blood cells. 
 
Figure 1: Naturally occurring porous materials a. sea sponge, b. cork, c. bone under a scanning electron microscope, d. diagram of soil 
particles, e. zeolite stones overlayed with a representative structural diagram of molecular connectivity with RHO topology; in this 
illustration, each corner represents the position of a Si or Al atom connected by bridging oxygen. Reproduced from references 4–8.     
A class of rock-like structures known as zeolites are naturally occurring materials that exhibit intrinsic microporosity.9 The 
name “zeolite” is derived from Greek ζέω (zéō), meaning “to boil”, and λίθος (líthos), meaning “stone” as a result of the 
observed evaporation of water under rapid heating. This behaviour is a result of the exceptional surface areas of zeolites, 
to which a large volume of water adsorbs.10 Structurally, zeolites consist of single metal cations (typically aluminium or 
silicon) tetrahedrally coordinated by bridging oxo-anions at ~150° metal-oxygen-metal dihedral angles.11 Zeolites may 
exist in greater than 40 naturally occurring, topologically distinct forms, with indefinitely extending channels intrinsic to 
the crystalline framework.9 As a result of these extending accessible open pores, zeolites have been heavily researched 
for a variety of applications such as molecular sieving,12 and catalysis.13               
1.1.3 Synthetic Porous Materials 
Whilst zeolites exhibit exceptional surface areas, extensive research has allowed for the development of various synthetic 
porous materials with improved physical properties, including synthetic zeolites. The benefit of synthetically producing 
these materials is that specific properties such as particle size, specific surface area, density, permeability, and pore 
diameters may be targeted. An example of the importance of such research is the particulate shape and size. Nanoscale 
materials have so far demonstrated promising results for both cell specificity and transfer through cellular membranes.14 
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Controlling both the porosity and size of the material has led to the development of nanoscale porous materials studied 
for cancer treatments due to their release of active pharmaceutical ingredients in targeted cells.15,16  
Only nanoporous synthetic materials are discussed further here and are separated into three categories: inorganic, 
organic, and hybrid materials. The definitions of these terms are somewhat loosely used in the literature but obey general 
principles. Organic structures are primarily hydrocarbon-based materials with the allowance of some heteroatomic 
species such as oxygen (e.g. alcohols, ketones, carboxylic acids, aldehydes, esters, ethers) or nitrogen (e.g. amines, 
amides, nitriles, cyanides). Inorganic materials are those which do not comprise any organic materials as necessary 
components to the structure. Hybrid materials are thus defined by the requirement of both inorganic and organic 
materials as necessary to construct the material. 
1.1.3.1 Inorganic Porous Materials 
Inorganic synthetic porous materials comprise a small number of the total number of developed materials. However, 
similar to zeolites, a class of silica (silicon dioxide) materials known as mesoporous silica (MS), which comprise 
honeycomb-like silica structures, have been fabricated.17 These structures are typically produced by the packing of 
colloids—three-dimensional macrostructures formed by the assimilation of amphiphilic surfactant molecules such that 
the hydrophilic “heads” and hydrophobic “tails” are all oriented towards their preferred solution forming emulsions in 
oil/water mixtures—which templates the self-assembly of silica around the micellar structures.18 Upon completion of the 
dihydroxylation reactions required to form the Si–O bonds, the templating micelles are removed, typically by heating, 
producing nanometer-sized channels extending through the hardened, templated silica. Such materials offer high surface 
areas using low-cost materials. 
1.1.3.2 Organic Porous Materials 
Another method to produce both economically and environmentally friendly porous materials is through the carefully 
controlled carbonisation of organic precursors to form an amorphous (irregularly ordered, i.e. lacking long-range order) 
porous solid, known as activated carbons. The exhibited structural irregularity in the product often generates complex 
nanoporous structures as evidenced by the nature of their physisorption isotherms (see Section 3.1.9.1), which present 
composite, hysteretic isotherms with calculated surface areas surpassing 1000 m2/g.19 Such solids, sourced from easily 
processed and renewable organic matter, are desirable for low-cost porous materials. However, this cost-effectiveness 
and ease of fabrication come at the cost of atomic control of the end material since the precise atomic configuration of 
the material is unknown. 
An example of a crystalline organic system arises from the self-assembling polymerisation of organic precursors. These 
materials, known as covalent organic frameworks (COFs), are connected entirely through covalent bonds by reversible 
cross-linking of rigid organic species.20 The precursors to these materials are most frequently affixed with boronate 
ester,21–24 imine,25–28 and hydrazone29,30 functional groups that require few steps to cross-link. There exists an extensive 
selection of rigid organic species which may be used as “building blocks” in the assembly of a COF; the length, width, 
connectivity—and even the addition of functional groups—can all be selected for in the COF precursors. Such versatility 




Figure 2: Schematics for the synthesis of two covalent organic frameworks (COFs); Py-Py COF, and Py-TT/Py-1P from the starting 
Py(NH2)4 precursor. Reproduced from reference 31. 
An example of this is shown in Figure 2, where tetradentate Py(NH2)4 species (centre) may be integrated into two distinct 
COFs through reaction with two linkers of different denticity. The reaction of Py(NH2)4 with a similarly structured 
tetradentate linker Py(CHO)4 results in a COF (Py-Py COF) with small rhombus-shaped pores as each molecule is connected 
at each corner by a molecule of the opposing structure. Such is not the case when reacting Py(NH3)4 with the bidentate 
ligands of TT(CHO)2 or tP(CHO)2. In these cases, a COF with a larger pore diameter (with pore diagonals increasing to 2.4 
nm from 2.0 nm) than Py-Py COF is achieved by bridging Py(NH2)4 molecules together, extending the length of the sides.31  
The term COF is a blanket term for a variety of materials that may be constructed by the reaction of organic precursors 
to form porous materials. Illustrated in Figure 2 are two-dimensional covalent organic frameworks, but by altering the 
connectivity of the linkers, both one-, two- and three-dimensional COFs may be synthesised.32 Furthermore, zero-
dimensional, discrete, nanometer-sized cages may be similarly synthesised, named porous organic cages (POCs), or 
covalent organic cages (COCs) (Figure 3) which are covalently bonded polyhedra with open centres.33 
 
Figure 3: A selection of three desolvated tetrahedral porous organic cages synthesised by the condensation reaction of 1,3,5-
triformylbenzene with (left) 1,2-ethylenediamine, (middle) 1,2-propylenediamine, and (right) (R,R)-1,2-diaminocyclohexane. 
Reproduced from reference 33. 
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Individual porous organic cages are often isolated as crystalline solids comprising cages stacked together in a long-range 
repetitive manner, which makes them a fascinating subject for porous materials. Since the cages themselves are porous, 
crystalline POCs exhibit both intrinsic and extrinsic porosity, i.e. porosity from both within and without the cages. POCs 
exhibit large apparent surface areas of 835 m2/g and may be used for hydrocarbon or noble gas separations.3,34,35 
1.1.3.3 Hybrid Porous Materials 
Utilising both inorganic and organic components and borrowing properties from both families, hybrid materials comprise 
inorganic metal clusters coordinatively bonded to organic linkers. These materials may take on a variety of forms from 
nanometer-sized cages to one-, two-, and three-dimensional frameworks, analogous to many of the previous covalent 
organic frameworks. Metal–organic polyhedra, or MOPs, much like POCs, are “zero-dimensional”, discrete, nanometer-
sized polyhedra. Unlike POCs, however, the organic linkers in this material are connected through coordination bonds to 
a metal centre (metal node) which may be a single metal ion or a small cluster of connected metal ions.  
From these metal nodes, a MOP may be post-synthetically modified to append molecules to the outer surface of the 
framework. By doing so, further functionality may be induced. One such example is illustrated in Figure 4, where MOP-
18 is surface functionalised with aliphatic chains. This modification enables the MOP to be suspended in a lipid bilayer, 
into which the aliphatic chains of the MOP extend, mixing with the phospholipid hydrophobic tails.36 Of the variety of 
hybrid materials, this functionality is unique to MOP due to their small and defined sizes. However, the most extensive 
body of research regarding porous, hybrid materials studies the three-dimensional hybrid porous materials, metal–
organic frameworks, MOFs. This research focuses specifically on the development and application of MOF materials. 
 
Figure 4: Schematic of a surface functionalised MOP penetrating into a lipid bilayer. a. Induced ion channel formed by the insertion 
of a MOP into a lipid bilayer, b. schematic illustration of a surface functionalised MOP (MOP-18), and c. a detailed illustration of MOP-
18 with a yellow sphere representing the void space within the MOP. Adapted from reference 36. 
1.2 Metal–Organic Frameworks 
Metal–organic frameworks (MOFs) have been the focus of an increasing portion of the scientific community since the 
1990s due to their versatility and tunability. Like previous examples, these hybrid materials comprise inorganic metal 
nodes (also known as secondary building units, SBUs) and organic linkers (also referred to as organic struts or ligands) 
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bonded together via coordination bonds extending indefinitely in one, two, or three dimensions.37 Due to the separation 
of framework components on a highly ordered scale, MOFs are typically highly porous materials that exhibit nanoscale 
channels extending through the material (Figure 5). Members of these materials hold the current record for the largest 
surface areas (> 7000 m2/g) and are promising for an array of potential applications, ranging from gas storage to molecular 
separations, sensing, and catalysis.1,37              
The metal node of a MOF may be either a single metal ion or a cluster of metal atoms (typically connected by the organic 
ligands, bridging hydroxy, or oxo-anion species) which controls the connectivity, i.e. the number and directionality of 
emerging ligands, of the resulting framework. Selection of these building blocks and their connectivity is essential to 
controlling the resultant framework’s dimensionality and structure.38 Described by Tranchemontagne et al., there are 
over 125 unique metal node motifs,38 which, combined with a vast scope of applicable metals and organic linkers, gives 
a colossal scope of possible MOFs. Perhaps the archetypal example of the >99,000 reported MOFs39 in the literature is 
MOF-5, Zn4O(BDC)3 (BDC: benzenedicarboxylate, C8H4O42-), which adopts an octahedral ReO3 bonding topology, 
connected by organic linkers of para-benzenedicarboxylate (Figure 5).40 
 
Figure 5: Schematic of the bonding and free volume of a metal–organic framework, MOF-5. a. Local bonding in MOF-5, and b. a three-
dimensional structure of MOF-5 with internal pore volume shown using yellow spheres, C – Black, O – Red, Zn represented by blue 
tetrahedra, H – Omitted. Adapted from references 41 and 42, respectively. 
1.2.1 MOF Composite Materials 
The combination of MOFs as part of a composite material has enabled the production of unique materials with a large 
scope of applications. Research into MOF composites may be split into two categories: 1) those which utilise MOFs to 
stabilise other structures, and 2) those which aggregate small MOF particles into larger contiguous samples.43 Examples 
of the former include the deposition of catalytically active metal nanoparticles (NPs) to the internal surfaces of a MOF 
(Figure 6a). The predictability of pore size within a crystalline framework permits selection of a material with pores small 
enough to effectively inhibit the aggregation of NPs whilst supporting them on an accessible internal surface.  
MOFs may also support large proteins, such as in Figure 6b, where an enzyme is trapped within a MOP, or Figure 6c 
where a MOF is grown around an enzyme. In both cases, the enzyme remains catalytically active and is stabilised by 
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physically prohibiting the morphological change associated with denaturation.44 Compositing a MOF with another MOF 
has also been achieved in core-shell structures such as in Figure 6d where crystalline particles of Co-MOF-74 are coated 
with layers of ZIF-67 of controllable thickness. Such a modification may introduce further functionality or improve the 
stability of the encapsulated MOF. Notably, in the case of Co-MOF-74@ZIF-67 a significant improvement in photocatalytic 
ability was observed.45  
 
Figure 6: Illustrations of a variety of MOF composite materials. Illustrations of a. nanoparticles@MOF, b. polymer@MOF cage 
inclusion, c. polymer@MOF in-situ MOF synthesis, d. core-shell Co-MOF-74@ZIF-67, and e. reaction depicting the crosslinking of MOF 
particles using a polymer. Adapted from references 44, 45, 47, and 48. 
In each of the above examples, MOFs have been employed to enhance the properties of other materials; however, the 
microcrystalline nature of MOFs is typically industrially incompatible as the powders may block machinery.  Accordingly, 
many studies have aimed to address this issue through the aggregation of MOF powders into more applicable bulk 
samples. In one study, MOF particles are bound together by the replacement of MOF linkers with polymers that mimic 
the linker bonding forming crosslinked hybrid composites (Figure 6e). A variety of materials such as activated carbons 
and polymers have been investigated for their compatibility with MOFs via growth or deposition of MOFs onto rigid 




Figure 7: Images of HKUST-1 grown on the surface of a material with uniaxially extending channels. a. an optical image of Cu3(btc)2 
on cordierite, b. scanning electron microscope image before growth, and c. after MOF growth. Adapted from reference 48. 
1.2.2 Industrial Applications of MOFs 
While research has demonstrated the potential for MOF use in a diverse selection of applications, few have been 
successfully implemented in industrial settings, despite their prevalence in the literature. Below are listed a selection of 
commercialised MOFs:  
TruPick® by MOF Technologies Ltd.™ is a product developed to enhance the shelf-life of fruits such as bananas, pears, 
and apples. These fruits naturally ripen by an auto-catalytic process where ethylene is released during the ripening 
process and binds to ethylene receptors causing an acceleration of fruit ripening. TruPick® is a MOF, loaded with the 
cycloalkene 1-methylcyclopropene (1-MCP), and when exposed to moisture, releases the adsorbed 1-MCP. This 1-MCP 
then binds to the fruit’s ethylene receptors, suppressing the auto-catalytic ripening and extending the shelf-life of the 
product.49  
ION-X® by NuMat Technologies, Inc.™ is the product name of a gas delivery cylinder for use in the microelectronics 
industry. Many microelectronics use toxic gases, such as phosphine (PH3), boron trifluoride (BF3), and arsine (AsH3), as 
dopants which require safe delivery mechanisms. ION-X® uses MOFs to store these gases in a canister at sub-atmospheric 
pressures requiring vacuum-suction to release these gases. This system’s advantage is that any piercing damage to the 
container will cause air suction into the cylinder rather than the release of pressurised toxic gases.49,50 
MOFgen Ltd™ is another company that works to commercialise MOFs for biomedical applications. By loading the MOF 
with biologically active gases or therapeutic agents, active products may be developed for the moisture-induced release 
of medicinal compounds. Whilst products and suppliers are currently undisclosed, an example product was revealed in 
an interview: “For example, we can deliver a burst of nitric oxide gas that kills the area of infection to start with, and then 
a slow-release of an antimicrobial agent to help keep the infection away”.49 
Each of these companies has found an application for MOFs in its isolated, microcrystalline form. The development of 
MOF composites may impel the commercialisation of further MOF-based materials. However, the application of MOFs is 
not necessarily limited to those in the crystalline state. 
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1.3 Non-Crystalline MOFs  
1.3.1 Structural Disorder 
Order and disorder are properties that describe the presence or absence of symmetry or correlation in a system. There 
are four recognised categories of disorder that a framework may observe: topological, static, dynamic, and low-
dimensional.51 However, the order described herein will focus primarily on topological order. In this context, order 
describes the atomic arrangement within a structure in a long-range, repetitive manner. By contrast, disordered or 
“amorphous” frameworks maintain defined local geometries but without long-range periodicity.  
Because this structural regularity occurs at an atomic scale, powders may also be crystalline. In a perfect crystalline 
material, the atoms or molecules are arranged in a regular, periodic manner. However, defects often appear in crystalline 
materials as vacancies, impurities, and dislocations within the solid.  
1.3.2 Disordered Frameworks 
MOF research has primarily focused on crystalline MOFs due to the ease of characterisation by X-ray diffraction methods, 
such as powder X-ray diffraction (PXRD). However, some MOFs also exist in an amorphous state, either synthesised 
directly or through the diminution of crystallinity upon heating, pressurisation, or ball milling.52–55 Whilst some 
amorphous MOFs (aMOFs) may be synthesised directly with no crystalline counterpart,56 some MOFs which may exist in 
either phase have been shown to be stoichiometrically identical to their crystalline counterparts. However, the two 
phases differ in their physical and physicochemical properties.57–59  
Computational models fitted to experimental data of these amorphous MOFs fit a continuous random network model 
that describes randomisation of the connectivity between units of metal-ligand-metal bonding between metal nodes. 
This distance is known as the short-range order or local order (as discussed in Section 1.3.3) of aMOFs. This randomisation 
precludes any long-range order within the structure and introduces “defects” into the solid, such as an abundance of 
unsaturated metal sites and a distribution of micropore-scale void spaces.52,60  
The breakdown of the long-range order in amorphous materials eradicates the defined lattice planes in the crystalline 
material that give rise to the peaks in the diffraction pattern. As such, the comparatively featureless diffraction pattern 
of an amorphous solid is often mistaken for a failed synthesis product and promptly disregarded. These amorphous 
products may, however, be utilised in ways that crystalline MOFs cannot. For example, amorphous UiO-66 has been used 
to trap calcein (an active pharmaceutical ingredient (API) equivalent) inside the framework (Figure 8) and increase the 
drug delivery timeframe from a typical 2 days to 30 days. This material is fabricated by loading the API into the crystalline 
framework and collapsing the framework to trap the API within the resultant amorphous network.61 aMOFs also offer 
considerable industrial utility since processing and handling of the materials may be done without consideration of 




Figure 8: Amorphous and crystalline diffraction patterns. The difference in diffraction pattern features is shown here for a MOF (blue) 
then loaded with an API-equivalent (green) and the same sample upon amorphisation (red) displaying the elimination of Bragg 
diffraction peaks. Adapted from reference 61. 
1.3.3 Glasses 
To be classified as a glass, a material must be amorphous and undergo a glass transition when heated towards the liquid 
state. Figure 9 illustrates the specific volume change of a crystalline solid upon melting and cooling to form a glass; the 
reverse of this graph, therefore, illustrates the glass transition and recrystallisation. The ordinate of these graphs equally 
represents the entropy, S, or enthalpy, H, changes. On melting a crystalline material, the subject is heated at a constant 
rate to the melting temperature, Tm. From there, the solid stops heating whilst the input energy expands the material 
and undergoes a first-order transition in forming a liquid. Since the heat capacities of the liquid and the crystal are 
different, the gradient   ,  , or  reflects this, inducing a gradient change between the heating regions in the different 
phases.   
 
Figure 9: Illustration of the enthalpies concerning the crystalline, liquid, and glass states. Line a demonstrates the enthalpy change 
for a slow-cooled glass at lower values than for rapid cooling of the melt shown in b. Reproduced from reference 62. 
 
12 
Unlike melting, the glass transition, Tg, is a second-order transition that adds curvature between the differing gradients 
(heat capacities) of the glass and the liquid. The temperature of this transition, Tg, is calculated from the convergence of 
the extrapolated gradients. Upon cooling from the liquid, a weak glass-forming material requires rapid cooling to undergo 
vitrification as slow cooling of a weak glass-former gives rise to the enthalpic/entropically-driven recrystallisation of the 
material. However, strong glass-formers are more stable in their liquid state and allow for slower cooling rates in forming 
a glass. The glass-forming ability—GFA, measured as the slowest cooling rate that produces a glass from the liquid state—
is commonly regarded as a measure of the resistance to crystallisation from the melt. Another measure of the GFA is the 
ratio of the glass transition temperature to the melting temperature, Tg/Tm, which is inversely proportional to the 
material’s glass-forming ability; typically, a strong glass-former is a material with a Tg/Tm above two-thirds.57  
The glass transition temperature of a solid depends on the quenching rate from the liquid state. Slow cooling allows the 
liquid time to arrange into more stable conformations resulting in a lower glass transition temperature (Figure 9, glass 
a). Conversely, supercooling from the molten state disallows the material to relax into more stable conformations, leaving 
the glass in a state of greater entropy/enthalpy/volume, resulting in a higher Tg (Figure 9, glass b). 
The structural rearrangements may be thought of in an energy landscape, as in Figure 10, where fast cooling from a high 
temperature causes the material to set in a shallow, high-energy basin. In contrast, slow cooling allows the material to 
traverse the various transition states moving to lower energy states. In theory, a glass produced by cooling at an infinitely 
slow pace would produce an “ideal glass”, which is the lowest possible potential energy state of that glass.63 
 
Figure 10: Illustration of a hypothetical glass potential energy landscape. The x-axis represents all configurational coordinates 
displaying multiple energy wells a glass may be trapped within in this diagram. Reproduced from reference 62. 
Whilst no long-range order is present in the resultant material, where contiguous bonding exists in the structure, some 
short-range order (SRO) remains. For example, in silica glass, the silicon-oxygen long-range connectivity is disrupted, but 
some local, short-range order is maintained. Si–O–Si bonds in this structure retain the same bond lengths and bond angles 
but do not possess the periodicity of the crystalline sample. This SRO is evident in models of SiO2 by the retention of four-
coordinate silicon atoms connected by two-coordinate oxygen atoms. Though the random connectivity past this local 




Silica-based materials (SiO2, Figure 11) are perhaps one of the most common examples of glass-forming materials and 
have been used extensively throughout human history as both a tool and a means of artistic expression. Resultantly, SiO2 
research comprises the vast majority of research regarding glasses. While this provides an informative model of the 
nature of atomic arrangements in amorphous materials and of glass behaviour, larger structural components result in 
greater system complexity. Glasses may be classified into four groups by their constituent materials; inorganic glasses, 
metallic glasses (amorphous metals), organic glasses, and in recent studies, hybrid glasses. This work will focus on the 
development of hybrid glasses. 
 
Figure 11: Crystalline and amorphous polymorphs of SiO2. Illustrations of a. crystalline polymorph of crystalline SiO2 showing bridging 
oxygen atoms connecting silicon atoms forming hexagonal channels, and b. a disordered model of a SiO2 glass. Reproduced from 
reference 64. 
1.3.4 Liquid MOFs and Melt-Quenched MOF Glasses 
MOF glasses are part of the hybrid glass category and were the most recently discovered of the four glass families.65 It is 
unclear how many of the >99,000 metal–organic frameworks66 melt; however, progress has been made in the 
identification of further melting MOFs, including ZIF-62 [Zn(Im)1.75(bIm)0.25] and TIF-4 [Zn(Im)1.8(mbIm)0.2] with melting 
temperatures, Tms, of 437 and 440 ˚C respectively.65,67 Thus far, the common denominator between the known melting 
MOFs is that they all contain imidazolate linkers; evidence would also suggest that the crystalline framework’s 
topology/density may influence its melting ability through the stabilisation of the cationic species in the melting 
mechanism.67,68 Discovery of novel MOF glasses and the relationship between the known glass-formers is a burgeoning 
topic but is still in its infancy. As such, the thermal behaviour of only a small proportion of the total known MOF structures 
has been thoroughly investigated, and fewer have demonstrated the capability to form melt-quenched glasses.69 
Differential scanning calorimetry (DSC) is a common thermal characterisation technique across material science, yet is 
seldom used to characterise MOFs (Figure 12a). The standard method of analysing thermal behaviour in these 
compounds remains thermogravimetric analysis (TGA), which monitors mass loss with temperature. However, this 
technique does not detect physical changes that occur without mass loss, such as recrystallisation. In one of the rare 
cases of the use of DSC, the first evidence of melting was reported for ZIF-4 at ca. 577 °C.70 After cooling from the liquid 
state, a melt-quenched glass was obtained, which demonstrated ultra-high glass-forming ability.65  
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Figure 12: Discovery of the melting of MOFs. a. DSC and TGA of ZIF-4 showing an apparent melting transition, Tm at point 4. Adapted 
from reference 70, and b. an optical image of a agZIF-62 sample, reproduced from reference 71.  
Given the number of atoms in the unit cell, and possible polymorphism, and metastability, crystalline MOFs are regarded 
as somewhat challenging to characterise. However, liquid and glass MOFs represent an increased challenge due to the 
lack of long-range structure. One method of extracting information about the structure of the glass is through modelling 
experimental data. Interestingly, as shown from the modelling of amorphous ZIF-4 (Figure 13), the imperfect packing 
caused by the SRO units’ randomisation induces void spaces throughout the material. The void spaces, apparent in the 
reverse Monte Carlo (RMC) model, are consistent with gas sorption data, demonstrating that the MOF glasses may be 
porous to small gases (Figure 13c).72,73 In a study using ZIF-76-mbIm, Zn(Im)1.0(5-mbIm)1.0, the pore volume of the glass 
was observed to be 0.062 cm3g-1 from 0.185 cm3g-1 in the crystalline state.73 
          
Figure 13: Simulated structures of crystalline and amorphous ZIF-4. a. Crystalline ZIF-4 where the orange space represents free volume, 
b. Atomic configuration of agZIF-4 obtained by reverse Monte Carlo (RMC) modelling of synchrotron and neutron total scattering data 
where C – Grey, N – Blue, Zn – Green. Reproduced from reference 68. c. Cavity sizes of three ZIF-4 morphologies obtained through 
positron annihilation lifetime spectroscopy and simulation, reproduced from reference 74. 
MOF glasses also demonstrate a range of other properties, making them an excellent candidate for use as supporting 
material for other crystalline MOFs. Specifically, (i) agZIF-62 (ZIF-62 glass, Figure 12b) displays high optical transmittance 
in the visible and near infra-red regions (~90% from 400–1600 nm),71 (ii) the refractive indices (1.56 at 589 nm) and Abbe 
number, ν, (ca. 31) of the ZIF glass places the optical properties of agZIF-62 in a comparable region of the refractive index-
Abbe number diagram to the upper range of polymers,71 and (iii) the mechanical properties of ZIF glasses have been 
shown to demonstrate characteristics of both inorganics and organics and exhibit resistance to ductile fracture.75,76 The 
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transparency of the material may provide a unique opportunity to view macrostructural defects such as bubbles or 
dislocations within the solid, which may impact performance. Such properties make agZIF-62 a promising host matrix for 
a crystalline MOF component, which would allow for the fusion of the optical and mechanical properties of the glass 
phase with the porous properties of the crystalline phase to form industrially suitable, contiguous solids. 
1.4 Vision and Objectives 
The overall aim of this work is to investigate the synthesis, structure and properties of a new class of metal–organic 
framework-based materials formed by combining the crystalline states of MOFs with newly discovered melt-quenched 
MOF glasses. The formation of functional, mechanically stable, monolithic materials would expand MOF science at a 
fundamental level and provide engineering solutions to the low mechanical processability of the microcrystalline MOF 
state by facilitating bulk material formation. The utilisation of porous glass may provide the necessary properties required 
to suspend a MOF into a stable bulk solid without impairing the properties of the crystalline component. To achieve this, 
specific aims and objectives for work detailed herein are as follows: 
1. To select suitable crystalline MOFs and MOF glasses from the libraries available and fabricate a prototypical 
material that preserves the crystalline component within a supporting MOF glass matrix. This will involve 
careful consideration of the balance between the decomposition temperatures of crystalline MOFs and the 
liquid-phase temperature regions of glass-forming MOFs. It will also involve finding a suitable processing 
methodology to embed a crystalline MOF component within the glass state; adequate melting times and 
temperatures must be studied to identify a system that allows for adequate flow of the viscous, liquid MOF. 
2. To investigate the suitability of the resultant materials for use with a variety of gases by contrasting the gas 
uptake properties of the pure crystalline materials against the resultant composites. Ideally, the supporting 
matrix should be permeable to the guest species, allowing diffusion of the gases to the crystalline 
component.   
3. Investigate the composites’ thermomechanical properties through nanoindentation and measure the 
response of both the isolated crystalline components and bulk composite materials to temperature.  
Contrasting the crystalline MOF response between the isolated and the composited samples may aid in identifying 
potential effects on the crystalline MOF upon encapsulation. The determination of any leading effects such as intra-
composite interactions—e.g. linker penetration—and understanding how the MOF is supported within the matrix helps 
determine their potential applications. This information would also serve to guide the development of further MOF 
composites. Before this work, Chapter 2 presents an in-depth literature review focused on the literature’s current state 









Chapter 2 Literature Review 
 
2.1 Crystalline Metal–Organic Frameworks 
The majority of research on metal–organic frameworks (MOFs) studies their crystalline phases. This is due to several 
reasons; (i) The common misconception in the MOF field that MOFs are exclusively crystalline solids, (ii) amorphous 
materials are much more challenging to characterise, and (iii) crystalline frameworks generally exhibit lower densities 
and greater surface areas than their amorphous counterparts, which enables many of their potential applications. 
2.1.1 Synthesis and Structure of Metal–Organic Frameworks 
2.1.1.1 Solvothermal/Hydrothermal Synthesis 
MOFs are supramolecular compounds formed via a process of self-assembly. They are synthesised using various methods, 
but most typically by heating the component reagents in a sealed container with a liquid. These methods are known as 
hydrothermal or solvothermal synthesis when using water or organic solvent, respectively. The assembly process is driven 
by coordination bonds with competing and templating interactions such as hydrogen bonding and π–π interactions.77  
In a process known as isoreticular synthesis, alteration of MOF properties, such as pore diameter, is achievable by the 
careful selection of synthesis reagents. For example, a series of MOFs developed by Yaghi et al. named Isoreticular MOFs, 
or IRMOFs, were systematically synthesised to increase the distance between opposing corners of the hexagonal channels 
in the IRMOF-74 series up to a staggering 98 Å (Figure 14). This framework engineering feat was accomplished by 
constraining the topology-defining properties of the material, such as the connectivity of the metal nodes and the 
linearity and denticity of the organic linker, whilst increasing the linker length.78   
This modular nature of MOFs has led to nearly 100,000 unique structures39 and effectively enables the tunability of 
certain physical properties.  This strategy is not applicable in all cases since the metal node may change to favour another 
configuration under the altered conditions. A further obstacle is that the framework may become unstable upon solvent 





Figure 14: Isoreticular synthesis and sequential pore-size increase of MOFs. a. the systematic increase in linker length which retain 
crystalline topology, and b. representation of IRMOF-74-XI using the XI linker from a. C – Grey, Zn – Red, O – Blue. Adapted from 
reference 78. 
2.1.1.2 Alternate Synthetic Pathways 
An environmentally-, economically-, and energetically friendly alternative to the synthesis of MOFs is the 
mechanosynthetic pathway. This technique employs the mechanical milling of the MOF precursors at room temperature, 
often without solvent—or in some cases using μL volumes, to produce MOFs in a matter of minutes rather than days.80,81 
Whilst it is possible to use a mortar and pestle, mechanical mills are preferred for their reproducibility and systematic 
studies.82 The solventless aspect of mechanosynthesis is vital for industries that deal directly with foods or medicinal 
products since toxic solvents such as N,N-dimethylformamide (DMF), or methanol, are required for the preparation of 
many MOFs.83 
The first study to monitor the in-situ mechanochemical milling reactions took place in 2013, where custom equipment 
was designed by Friščić et al. to allow reaction jars to be placed in the path of high-energy synchrotron X-ray beams whilst 
the reaction was taking place.84 Quantitative X-ray diffraction analysis of the reaction products using Pawley and Rietveld 
refinements allowed for the real-time observation of product crystallinity, crystal phase, and average particle size. The 
first experiments to be performed in this setup were the reactions of ZnO with 2-methylimidazole (HmIm) to form ZIF-8, 
Zn(mIm)2, by means of liquid-assisted grinding (LAG), and ionic liquid-assisted grinding (ILAG). Interestingly, the use of 3 
mol% NH4NO3 was shown to dramatically improve the rate of reaction in the formation of ZIF-8 (Figure 15).  
Another notably environmentally friendly synthetic pathway is the use of microwave irradiation to synthesise MOFs.85 
This route also does not require the application of high temperatures as with hydro/solvothermal reactions but instead 
generates heat through dipole rotation and ionic conduction mechanisms. The best solvents for use in microwave 
synthesis are, therefore, water or ionic liquids with high dipole moments as these molecules attempt to align themselves 
with the magnetic component of the oscillating waves, translating to physical heating. This technique provides multiple 





Figure 15: X-ray diffraction tracked synthesis of ZIF-8 by ball-milling. Time-resolved diffractogram for the a. liquid assisted grinding 
(LAG), and b. ionic liquid-assisted grinding (ILAG) of ZIF-8. Reproduced from reference 88. 
2.1.1.3 Synthetic Challenges 
2.1.1.3.1 Interpenetration 
One of the limits of isoreticular synthesis is apparent when preparing MOFs with extremely large pore volumes, and 
particularly those with cubic topologies. A process known by many names: catenation, interpenetration, 
intrapenetration, or polyknotted coordination,89 is where two or more frameworks are built around each other, 
intertwined and locked together.90 The entangled frameworks are formed such that breaking bonds would be required 
to separate them. The cubic IRMOF-1 to IRMOF-16 series designed by Yaghi et al. (Figure 16) to improve methane storage 
capabilities clearly demonstrates this phenomenon. Interpenetration can be seen for samples of IRMOF-9 and above, 
where the pore volume is large enough to accommodate the synthesis of another framework within its pores. 
 
Figure 16: Induction of interpenetration through increasing pore size. A series of IRMOFs where the topology of the framework has 
been kept constant but the functionalities (IRMOF-1 to IRMOF-7) and the distances between carboxylate groups (IRMOF-8 to IRMOF-
16) have been altered. Pore volume represented by yellow spheres. C- Black, O- Red, Zn represented by blue pyramids, H – Omitted. 
Adapted from reference 91. 
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Interpenetration is a process that is often actively avoided due to an inherent decrease in the pore volume of the 
material.92 In MOF synthesis, materials are typically completely interpenetrated or entirely non-interpenetrated, and 
thus, care must be taken concerning the synthesis conditions.93 However, examples do exist of partial interpenetration, 
which is a strategy employed to confer new physical properties of MOF materials.94 For example, Ferguson et al. 
demonstrated controllable dependence of partial interpenetration in MUF-9, ZnO4(rac-1)3 (rac-1 = biphenyl-4-4’-
dicarboxylic acid with a phenyl-substituted diazocine bridge), on the quantity of DMF in the reaction medium.94 
2.1.1.3.2 MOF Activation 
It is commonly observed that after synthesis, the pores of the framework are occupied by solvent and unreacted linker, 
together with other impurities. The removal of such species via heating or vacuum treatments is called framework 
“activation”. There are various methods designed to remove guest molecules from the pores of permanently porous 
MOFs whilst retaining their structural integrity, which is comprehensively described by Mondloch et al..95 The 
conventional method remains the use of a vacuum with heating,96 however, this technique is not applicable to all MOFs—
especially those with larger pore volumes—due to a balance of capillary force strength and surface tension against the 
coordination bond strength.  
An alternative method to remove guest molecules from MOFs that collapse under vacuum heating is through a method 
known as solvent exchange. Here, the MOF is submerged in a solvent with a lower boiling point than the synthesis solvent 
and allowed time to dissolve pore occupying species into the solvent. This diluent solvent is periodically replaced to 
extract as much excess material from the MOF as possible. The lower boiling point of the solvent is indicative of weaker 
intermolecular interactions which require lower temperatures to evaporate. This allows the framework to be activated 
at much lower temperatures.95 This is a common technique to activate MOFs, as the process of exchanging solvents often 
removes any other unwanted impurities such as excess ligand that may be strongly adsorbed to the internal surfaces of 
the MOF. Activation of a material is typically confirmed using thermogravimetric analysis (TGA), which measures the mass 
of the sample over a temperature range (See Section 3.1.7).  
2.1.2 Zeolitic-Imidazolate Frameworks 
Zeolitic imidazolate frameworks (ZIFs) are a subset of MOFs which include imidazolate (Im, C3H3N2-) or imidazolate-based 
linkers within the framework. The tetrahedral metal nodes of these materials are connected by organic ligands with bond 
angles similar to the M–O–M bond in inorganic zeolites (Figure 17a,b). Resultantly, many of these frameworks are 
isostructural with zeolites, replacing the bridging oxygen with organic ligands (Figure 17c).97 ZIFs are highly porous 
MOFs,97 and have been investigated for their gas separation potential, membrane potential, application in catalysis as a 
support for nanoparticles, sensing capabilities, and drug delivery applications.98  
The prototypical example of a ZIF is ZIF-8 [Zn(mIm)2; mIm: 2-methylimidazolate, C4H5N2-] (commercially known as Basolite 
Z1200) which is a homoleptic MOF that adopts a sodalite topology as shown in Figure 17. Due to its ease of synthesis and 
exceptional porosity, ZIF-8 has been investigated for all of the aforementioned applications.99–103 Many members of the 
ZIF family have been empirically shown to exhibit relatively exceptional chemical and thermal stabilities among MOFs.104 
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They are thus more able to be employed at higher temperatures than what would be expected, on average, for the wider 
MOF family. 
 
Figure 17: Similarities in the bonding and resultant structures of ZIFs and zeolites. a. An illustration of the similar 145° angle of M–
Im–M to Si–O–Si, b. atomic configuration of ZIF-8 shown as i) stick diagram ii) tiled diagram iii) largest cage in the ZIF with ZnN4 
tetrahedra in blue and the internal pore volume represented by a yellow sphere. Adapted from reference 104. c. List of various imidazole 
based linkers and their resulting topologies. Adapted from reference 105. 
2.2 Physical Properties of MOFs 
2.2.1 Gas Adsorption Properties 
As one of their most heavily researched applications, MOFs are highly regarded for their ability to store gases. Gas storage 
techniques are highly sought after to improve the space efficiency of gas transport at safe working temperatures and 
pressures. The current view to achieving this is through the adsorption of gases to the surfaces of highly porous materials. 
The development of containers that efficiently densify gases to manageable volumes is crucial in the green future of 
hydrogen fuels.106 Since MOF materials are the current record holders for recorded specific surface areas (i.e. surface 
area per gram), there has been much interest in the use of MOFs for such a purpose. The ability to tune the properties of 
MOFs enables the development of materials with greater porosity by altering the topology, pore diameter, and 
functionality of the linker. Furthermore, structural defects such as missing linkers or clusters are well-known to exist in 
MOFs and may be controlled to tune porosity.107 Disorder may also be introduced into the structure in a top-down 
approach, such that the porosity may be controllably reduced to meet specific porosity requirements.108  
Perhaps one of the most outstanding records of the progress in this area is a benchmark computational study on a range 
of MOFs delineating the relationship between pore volume, Brunauer-Emmett-Teller (BET, see Section 3.1.9) surface 
area, and gravimetric deliverable hydrogen gas capacity in MOFs.109 This study revealed that the copper-based 
hexacarboxylate NU-125 MOF110 achieves an exceptional 8.5 wt%  gravimetric hydrogen storage, surpassing the ultimate 
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U.S. department of energy target (6.5 wt%) under temperature and pressure swings of 77 to 160 K and 100 to 5 bar, 
respectively. 
In addition to the ability to store gases, the controllable pore diameter of MOFs allows for the separation of gas mixtures 
through both molecular sieving and chemical affinity. Molecular sieving is an exclusionary process whereby molecules 
that cannot diffuse through the material pores are filtered from a mixture.111 The tunable pore size of MOFs may allow 
for the controllable molecular separation of materials based on their physical size. The separation of materials via their 
chemical affinity to a structure relies not on the gated external permeability but through the physisorption interactions 
formed whilst the components diffuse through the material. A material may unequally retard the diffusion of components 
within a mixture based on differing sorbent-adsorbate affinities, separating mixtures based on their diffusion rates.  
Commercially important gas separations include CO2/N2 (flue gas separation), CO2/CH4 (natural gas purification), H2/N2 
(hydrogen separation), O2/N2 (air separation) and N2/CH4 (natural gas purification) separations.112 These separations are 
typically performed using cryogenic distillation113 adsorbents, or polymer membranes—over 90% of which are made from 
only six different types of polymers.114 However, these polymers display selectivity-to-permeabilities orders of magnitude 
lower than those of MOFs (Figure 18). Replacing current distillation technology—which accounts for roughly a quarter of 
U.S. industrial energy consumption—with membranes would reduce their energy consumption by 90%.115 However, the 
scalability of MOF synthesis and unknown long-term stability within industrial settings—especially in the presence of 
water vapour—are key limiting factors to their application.112 
 
Figure 18: Comparison between the selectivities and permeabilities of MOFs and polymers. a. Exceptional selectivity and permeability 
of a range of MOF membranes, surpassing the upper bounds of polymer membranes. b. Calculated CO2/N2 membrane selectivity vs. 
CO2 permeability for 179 MOFs at 303 K. The solid red line indicating the upper bound for polymeric membranes. Reproduced from 
reference 112. 
2.2.2 Thermal Stability 
Metal–organic frameworks are also known as ‘soft porous crystals’ due to their reportedly relatively weak thermal and 
mechanical stabilities.116 However, the variability in the makeup of MOFs allows for a wide range of exhibited properties 
complicating their generalisation. The thermal stability of MOFs is composition- and structure-dependent, with MOF 
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families showing various ranges stabilities in the range of ca. 150–600 °C (Figure 19). However, the exact thermal stability 
is a result of the interplay between the ligand and node stabilities.  
 
Figure 19: The relative thermal stabilities of a range of distinct MOF families. Data collated from the reported decomposition 
temperature values as measured by TGA. Reproduced from reference 117. 
A recent study presented two categories of MOF thermal decomposition pathways: ligand-centred and node-centred 
decomposition, noting that such processes are not strictly independent and governed by the relative stability of the MOF 
components.117 The ligand-centred decomposition mechanism, common in carboxylate MOFs such as MOF-5, and UiO-
66, involves fragmentation of the metal–oxygen, oxygen–carbon, and carbon–carbon bonds. This process results in the 
release of CO2 and fragments of the organic linker, occurring at ca. 500 °C. In contrast, node-centred decomposition, 
exhibited by both HKUST-1, Cu(btc) [btc – 1,3,5-benzenetricarboxylate], and MIL-100, Fe3O(H2O)2OH(btc)2, involves 
decoordination of solvent molecules coordinatively bound to the metal nodes preceding the formal decomposition. This 
may distort the framework, weakening intra-ligand bonding and resulting in ligand fragmentation. The temperature 
stability of a MOF is not the only interesting thermal property of MOFs, but also how the material behaves upon 
heating.117 
2.2.3 Thermal Expansion 
Understanding the exact thermal expansivity profile of a system is a crucial property that may govern its applicability. In 
one prominent example, it is believed that the unaccounted-for volumetric thermal dependency of a single O-ring was 
responsible for the catastrophic failure of a 1986 NASA rocket, 73 seconds after liftoff, in an event dubbed the Space 
Shuttle Challenger Disaster.118  
For metals and many densely packed materials, thermal expansion is governed by the extension of interatomic bonds. 
This is illustrated in the Morse potential energy curve, which accounts for attractive and repulsive forces affecting the 
average internuclear separation of two bonded atoms (Figure 20). These forces cause divergence from a standard 
harmonic system. The resultant asymmetric curve details a change in the average internuclear separation of the bonded 




Figure 20: Morse potential curve illustrating the anharmonicity of atomic bond vibrations. In this diagram the Morse potential (blue) 
behaves like a realistic diatomic system and asymptotes to a dissociation energy De. This energy is slightly larger than the energy 
required for dissociation, D0, due to the zero-point energy at the lowest vibrational state. Reproduced from reference 119. 
The degree to which the real system diverges from the harmonic model is inversely proportional to the atomic pair's 
bond strength, such that covalent bonds typically expand less than ionic or metallic bonds. Measurement of expansion 
using a bulk material is complicated by the connectivity/topology of the structure. Thermally induced chemical 
interactions within the material and higher-order movements within the structure may impact the volume/expansivity 
of the material. A typical example of a higher-order structural rearrangement within a framework is the ”breathing” 
behaviour of MIL-53, Al(OH)(BDC). MIL-53 is a well-characterised MOF that exhibits both thermal and pressure-induced 
reversible volumetric expansion and contraction.120 
This framework undergoes a reversible structural adjustment upon solvent removal or heating, in a process is known as 
“breathing”. MIL-53 has three structural arrangements (Figure 21).121 MIL-53 crystallises in a “winerack” structure with 
large internal pores held open by excess solvent and unreacted ligand in the as-synthesised state (MIL-53-as, Pnma). 
When the pore-occupying species are expelled, typically by heating, an open-pore structure (MIL-53-lp, Imma) is formed 
which is stable at high temperatures. The spontaneous uptake of water into the MIL-53-lp phase, typically upon cooling, 
causes the pores to contract to produce a narrow-pore structure (MIL-53-np, Cc). MIL-53-np may reversibly transition to 
the MIL-53-lp phase in a process known as “breathing”. This transition induces colossal changes in the structural volume, 
which would not be possible through bond stretching alone.  
 
Figure 21: Diagram of the activation process of MIL-53 and the transition between different states. The as-synthesised MIL-53 
material, MIL-53-as, may be activated through the MIL-53-lp state and cooled to the MIL-53-np state via the uptake of water. C, grey; 
O, red; Al, pink; H, omitted for clarity; solvent, purple. Reproduced from reference 122. 
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In principle, the Morse potential diagram will always detail an increase in bond length with temperature; however, 
complex structural rearrangements within a material—especially in porous materials—may be thermally induced, leading 
to material contraction on heating. In contrast to the large positive thermal expansions observed in MIL-53, colossal 
contractions, called negative thermal expansion (NTE), are also observed in a selection of MOFs (Figure 22a).  Notably, 
the introduction of defects into UiO-66(Hf), Hf6O4(OH)4(O2C-C6H4-CO2)6, through the use of formic acid modulator, has 
been shown to lead to the colossal NTE behaviour of the structure upon elimination of the formate ligands as a result of 
distortions to the Hf6 metal node octahedra (Figure 22b).  
 
Figure 22: The thermal expansion values and mechanisms for a selection of framework materials. a. Coefficients of thermal expansion 
for a selection of known isotropic negative thermal expansion MOFs. The two values given for densified-UiO-66(Hf) correspond to upper 
and lower defect concentrations. b. Elimination of formic acid modulator (black) from the UiO-66(Hf) metal node. Hf, blue; O, red; and 
C, grey. Reproduced from reference 123. c. Trigonal lattice of Ag3[Co(CN)6], CoC6 octahedra, blue; Ag+ cations, red. d. The linear 
coefficients of thermal expansion for the lattice parameters of Ag3[Co(CN)6] together with a polynomial (n=5) fit of experimental data. 
Reproduced from reference 124. 
The value by which the measured expansivity is compared is the coefficient of thermal expansion, 𝛼 , which can be 
expressed in Equation 1, where V is the cell volume.125 The mean value of dV/dT may be determined by extracting the 
gradient from a linear region of a volume-temperature plot or differentiating a second-order polynomial fit. Similarly, the 
linear coefficient of thermal expansion of each unit cell parameter, e.g. 𝛼  may be determined from the a parameter as 
in Equation 2.   
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 Equation 2. 
Values of thermal expansion in Figure 22a represent isotropic values of volumetric change, which only describe the 
effective volumetric change arising from change over the three spatial dimensions. It is often helpful to study the uniaxial 
expansion over the crystallographic axes, as in Figure 22c, which displays simultaneous colossal positive and negative 
thermal expansion over two orthogonal axes (Figure 22d).  
This type of analysis is performed using variable temperature powder X-ray diffraction (VT-PXRD, see Section 3.1.2) and 
provides detailed structural information about the mode of expansion of known crystalline systems. However, for 
systems that lack long-range order, this analysis must take place on a bulk scale using techniques such as 
thermomechanical analysis (TMA, see Section 3.1.12); TMA is a bulk measurement that records the net macroscale 
movements that occur within a sample as a representation of the expansivity. This technique is instrumental in studying 
the expansion of disordered crystalline, amorphous, or glass systems. 
2.2.4 Mechanical Properties  
Other material properties of concern relate to the material’s mechanical stability and response to physical stimuli on a 
bulk scale. For the application of bulk samples, it is critical to understand how a material behaves under operating 
conditions to avoid catastrophic failures. One notable example of this is the RMS Titanic which, during its 1912 maiden 
voyage through the North Atlantic Ocean from Southampton to New York City, struck an iceberg. Later analysis of the 
hull steel quality would reveal that the material used, although likely the best available at the time, had a high ductile-
brittle transition temperature, making it unsuitable for use at low temperatures. Among other issues, the steel brittleness 
at the freezing –2 °C ocean temperature would be partially responsible for this disaster.126 
Typical methods to investigate mechanical properties are tensile and compression tests that involve applying uniaxial 
stress to a length of material to extract stress-strain relations that describe a range of material characteristics. There are 
typically two regimes of material deformation in a stress-strain graph: elastic and plastic deformation; the presence, 
gradient, area, and transition of these two regimes define specific material characteristics. The typical initial region of 
material response to applied stress is through elastic deformation (Table 2). This region is where macrostructural 
movements occur without breaking atomic bonds to accommodate the induced stress. This is a reversible process, and 
on the release of the applied stress, the material will return to its original shape following Hooke’s law. The relationship 
between stress and strain in this region is known as Young’s modulus, E, which is an important parameter that may be 
used to determine how much a material may shorten or lengthen under respective compressive or tensile loads (Figure 
23a,b). Materials with greater values of E are said to be stiffer, describing a greater resistance to deformation.  
On applying greater stresses, a material may begin to deform inelastically in a region known as plastic deformation. In 
this region, bonds are broken, and the material is irreversibly deformed. The point at which the material begins to deform 
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plastically is called the yield strength and is useful to determine the maximum load a material may withstand without 
permanent deformation. However, not all materials undergo plastic deformation, instead fracturing at much lower 
strains; these are called brittle materials and exhibit low resistance to crack propagation, such as SiO2 glasses. For 
materials that exhibit greater resistance to crack propagation and undergo considerable plastic deformation, such as steel 
(Figure 23), fracture occurs at much larger stresses and are called ductile materials. Many other critical mechanical 
properties, such as creep, fatigue, and fracture toughness, may be determined using a range of other techniques and 
equipment but are out of the scope of this research (Table 2). 
Table 2: A list of relevant material properties. 
Characteristics Symbol Definition Units 
Stress σ A physical property measuring the internal forces of neighbouring particles in resistance to 
applied loads 
N/m2 (Pa) 
Strain ε The total deformation in relation to the initial dimension of the material, parallel to the applied force 
 
Young’s Modulus E A measure of material stiffness, quantified by the change in strain upon application of stress during elastic deformation 
N/m2 (Pa) 
Bulk Modulus K 
The materials’ ability to resist compression, calculated as the inverse of the gradient on a 
pressure-volume graph multiplied by the negative of the volume 
N/m2 (Pa) 
Poisson Ratio ν The materials’ expansion or contraction perpendicular to expansion or contraction in the direction of the applied load 
N/m2 (Pa) 
Elastic Deformation  Deformation of a material that is reversed when the load is removed  
Plastic Deformation  Deformation of a material that is not reversed when the load is removed   
Hardness H The materials’ ability to resist plastic deformation N/m2 (Pa) 
Stiffness k 
The materials’ resistance to deformation calculated as the force per unit of axial extension 
under tensile load, or contraction on compressive load 
N/m 
Compliance  The inverse of stiffness m/N 
Yield Strength σys The point in a stress-strain curve that indicates the end of elastic behaviour N/m2 (Pa) 
Ultimate Strength σuts The greatest stress observed during a tensile test N/m2 (Pa) 
Toughness Ut 
The materials’ ability to absorb energy up to fracture, calculated as the area under the stress-
strain curve 
N/m3 
Resilience Ur The materials’ ability to absorb energy during the elastic region of deformation N/m3 
Brittleness  
A measure of the materials’ lack of ability to deform plastically before fracture. Brittle materials 
display much greater compressive than tensile strengths and fracture at small strains 
 
Ductility  
A measure of the materials’ ability to deform plastically before fracture. Ductile materials 
display similar compressive and tensile strengths and fracture at large strains 
 
 
Whilst tensile and compression tests are standard practice for the characterisation of bulk materials, the microcrystalline 
nature of MOF materials has, so far, precluded such analysis using this technique. A technique developed for such analysis 
is nanoindentation which, briefly, indents a diamond tip of known dimensions into the surface of a sample, measuring 
the indentation depth with respect to the applied force (see Section 3.1.5). Additionally, high-pressure X-ray experiments 
using a diamond anvil cell have been utilised to extract properties such as the bulk moduli.55,127,128 
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Figure 23: A typical stress-strain graph for steel. a. This diagram demonstrates how to measure fundamental material properties such 
as the Young’s modulus and yield strength. This material undergoes regimes of both elastic and plastic deformation. Adapted from 
reference 129. b. Diagram of the extension and compression, ΔL, of a rod under respective tensile (left) and compressive (right) loads, 
F,  applied to a length of material, L0. The Young’s modulus gives the relation between the force and change in length. Reproduced from 
reference 130. 
Due to the requirement of specialised equipment, the study of mechanical properties is not routine in the MOF field. 
Nevertheless, studies of these properties on a variety of MOF materials provide sufficient information regarding their 
general mechanical properties. Though average measurements from nanoindentation studies reveal valuable data, the 
anisotropic nature of MOF systems effects orientation-dependent property values, as demonstrated through molecular 
dynamic simulations.131 Furthermore, the diverse selection of component materials combined with the numerous 
topological configurations with various symmetries imparts unique orientation-property profiles. However, of the 
compiled MOF bulk moduli detailed in reference 132, crystalline MOF samples were observed to occupy overlapping 
regions of bulk moduli, in relation to their density, with regions of foams, polymers, and zeolites as well as occupying 
their own region of material space (Figure 24a). 
 
Figure 24: Comparison between the bulk modulus of MOFs and other materials in a similar area of material space related to how 
this property correlates with its largest cavity diameter. a. Ashby-style plot of bulk modulus-density profile of MOFs in relation to a 
variety of other materials, reproduced from reference 132. b. Machine learning calculations of MOF bulk moduli with respect to their 
largest cavity diameter, reproduced from reference 133. 
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To address the void of unknown mechanical properties within the vast number of known MOF structures, it would require 
enormous quantities of time and resources to synthesise and measure each material individually. Instead, one group 
applied machine learning in combination with molecular dynamics simulations to extract bulk moduli of a variety of MOF 
systems with common topologies (Figure 24b).133 This work provides key data to extract structure-property relations 
within MOF systems, such as an apparent inverse correlation between the bulk modulus and the diameter of its largest 
cavity.  
On application of pressure, the specific mode of elastic deformation in these materials is unique to the framework but 
typically arises from intermolecular bond stretching or rotation. As described previously, in the case of MIL-53, the 
application of pressure along defined orientations causes macrostructural pore-size dynamics, driving the opening or 
closing of the pores. Further applied pressures to the yield strength of a MOF typically indicates an irreversible pore 
collapse and further rupture of intermolecular bonding upon plastic deformation of the sample. If crystallinity is desired 
in the product, analysis and consideration of the material strength should be taken to avoid unwanted structural 
deformation. 
2.3 Amorphous Metal–Organic Frameworks 
It was widely believed that MOFs were exclusively crystalline materials despite no mention of crystallinity in the 
International Union of Pure and Applied Chemistry (IUPAC) definition of a MOF, reported in 2013—"A metal–organic 
framework, abbreviated to MOF, is a coordination network with organic ligands containing potential voids”.134  
 
Figure 25: Powder diffraction difference between crystalline and amorphous samples. Atomic configuration and corresponding PXRD 
patterns of a–b. ZIF-1 [Zn(Im)2], and c–d. aZIF-1 (of comparable size). C – Green, N – Blue, Zn – Red. Adapted from reference 52. 
Nevertheless, the synthesis of crystalline structures is deemed to be highly desirable, and with the absence of assignable 
diffraction peaks in amorphous structures, these systems may have been erroneously discarded as failed synthesis 
products. The PXRD profile of the amorphous state is often the first indicator of amorphisation in a structure. The loss of 
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Bragg peaks and the production of a broad hump called a first sharp diffraction peak (FSDP) indicates the loss of a periodic 
arrangement of atoms within the structure as shown for ZIF-1, Zn(Im)2 (Figure 25).*1  
Amorphisation is often an irreversible process for MOF systems such as ZIF-8, Zn(mIm)2,135 and MOF-5, Zn4O(BDC)3.136 In 
the process of thermal amorphisation, some imidazolate complexes undergo partial decomposition to form the 
amorphous MII(Im)2 product.137,138 However, the loss of structural components is not a pre-requisite for amorphisation, 
as demonstrated by a family of zinc tris(4-pyridyl)triazine frameworks, and zeolitic imidazolate frameworks.54,139  
2.3.1 aMOF Nomenclature 
MOFs may be amorphised by a variety of means, and the distinction between materials derived by such methods are 
detailed in Table 3. The introduction of this material nomenclature is often useful when discussing the difference between 
amorphous materials prepared by various means. However, this is not an exhaustive list, and other novel methods such 
as X-ray exposure may also induce amorphisation in MOFs.140 
Table 3: Nomenclature of amorphous MOFs. Adapted from reference 141. 
Method of amorphisation  Product terminology 
Pressure  aPMOF 
Ball-milling  amMOF 
Heatinga  aTMOF 
Melt-quenching  agMOF 
Hot-pressing  agpMOF 
Re-melting  agrMOF 
a Thermally amorphised and melt quenched glass MOFs are distinguished by the presence or absence of a liquid state 
before glass formation. The latter is formed by quenching a liquid state, whilst the former does not involve the 
formation of a liquid state. The use of aT to describe (amorphous solid) MOFs by heating was introduced several years 
before the discovery of the melt-quenched state.  
2.3.2 Pressure-Induced Amorphisation 
The application of pressure to amorphise a structure provides a mechanical stimulus that stresses the framework beyond 
its elastic limit, plastically deforming the structure by breaking bonds. In some cases, the structural damage may induce 
atomic reconfigurations leading to the production of amorphous MOFs. Though research has pointed to interesting 
phenomena in the application of hydrostatic pressure, where behaviour is largely dependent on the molecular size of the 
pressure-transmitting fluid,127 this section will only concern the application of uniaxial pressure. 
 
*1 Care must be taken not to confuse the amorphous profile for nanometre-sized crystalline particle—known as 
nanocrystalline—samples that display similar X-ray profiles with no clear Bragg peaks.298 The deconvolution of the two 
can be performed using total-scattering pair distribution function (PDF) analysis (see Section 3.1.4). 
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Shaping MOF materials by compression is a common technique for the compaction of MOF powders into usable pellets. 
However, this can cause amorphisation or loss of crystallinity even at low pressures. Compaction was found to 
prohibitively affect the catalytic performance of HKUST-1 at only 0.4 GPa, with notable reductions for ZIF-8 and SIM-1 at 
similar pressures.142 The pressure required to totally amorphise ZIF-8 through compaction was studied by Chapman et al. 
where complete loss of Bragg peaks was induced at less than 1.2 GPa pressure.135 This is, however, an order of magnitude 
greater than the pressure required to amorphise a sample of MOF-5, which does so at an extremely low pressure of 3.5 
MPa.136  
Ball-milling is another method used to amorphise structures; this technique is a distinct form of pressure-induced 
amorphisation due to the unique pressure application method. In contrast to the uniaxial pressures exerted in the 
previously discussed examples, ball-milling adds an element of shear force to the applied mechanical stresses. While this 
mechanosynthetic technique may assemble crystalline MOF structures from building blocks, the applied kinetic energies 
can also displace atomic bonds within the structure. One example of this is the ball-milling of ZIF-8, which induces 
amorphisation (Figure 26). Another example of such a system is ZIF-4, Zn(Im)2, which may be both synthesised, 
amorphised, and recrystallised through mechanical force (Figure 26). As demonstrated by Bennett et al., the energy input 
method can directly influence the navigation between physical states in this system.54 It is clear that mechanically milling 
the structure provides a unique method of energy transfer that cannot be achieved by temperature alone. 
 
Figure 26: The mechanosynthetic amorphisation of ZIF-4 and ZIF-8. a. Amorphisation of ZIF-8 through ball-milling for 5–300 minutes, 
reproduced from reference 143. b. The synthetic pathways in the formation of ZIF-4, a-ZIF-4, and ZIF-zni structures through thermally- 
and mechanically-induced transitions, reproduced from reference 54. 
The amorphisation of ZIF-8 by ball-milling was further studied by Friščić et al. through in situ diffraction studies which 
revealed that the rate of amorphisation can be controlled by modulating both the concentration and quantity of the 
added liquid medium.84,88,144 Additionally, further ball-milling of the ZIF-8 structure induced recrystallisation through a 
dense kat phase to a more dense dia phase (Figure 27). The order of structural transformations observed in this study 
reveals that stepwise transitions are driven by the formation of increasingly stable solid phases, following Ostwald’s rule 
of stages. This rule, reported in 1897, states that during crystallisation, the system moves through minimal changes in 
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free energy, implying the first isolated product in crystallisation is the least thermodynamically stable polymorph.145,146 
What this suggests is that for both ZIF-4 and ZIF-8 polymorphs, the amorphous phase is not the lowest thermodynamically 
stable polymorph despite holding the greatest structural entropy. 
 
Figure 27: The structural transformations of ZIF-8 via ball-milling. a. time-resolved diffractogram, and b. structural transformations 
of the liquid assisted grinding of ZnO with 2-methylimidazolate with the corresponding crystal structures. Calculated tetrahedra (T) per 
volume (V) for each framework below. Reproduced from reference 144. 
Whilst ZIF-8 undergoes no thermal amorphisation, it does undergo pressure-amorphisation at low pressures. A constant-
stress molecular dynamics study revealed that pressure decreases the shear modulus of the framework and that 
temperature changes do not induce instability in the framework. Furthermore, the presence of guest molecules within 
the framework greatly increases the shear resistance.147 One application of such pressure-induced amorphised materials 
is the permanent storage of species within the pores of the collapsing framework. This concept has been shown using 
ZIF-8, ZIF-69, and ZIF-mnIm where harmful I2 molecules were successfully sequestered within the inaccessible pores of 
the amorphous frameworks.148 
2.3.3 Thermal Amorphisation 
Thermal energy in a system induces both atomic and molecular vibrations and—in interacting particle systems such as 
MOFs—phonons. Often, other than the average displacement from the equilibrium position, the only structural change 
occurs at the decomposition of the framework. However, some members of the ZIF family undergo structural 
rearrangement to an amorphous configuration before framework decomposition.149 The mechanism of this thermal 
amorphisation was studied in ZIF-4 using far-IR spectroscopy to reveal that the flexibility of the Zn–N tetrahedra may be 
a critical factor in the structural rearrangements that give rise to amorphisation.150 These amorphous solids retain their 
particle morphology, displaying no evidence of flow (Figure 28).55 A thermodynamic study into ZIF-4 revealed the 
amorphisation process from ZIF-4 to aTZIF-4 to be an exothermic (4.1 kJ mol-1) process indicating stability over the 
crystalline ZIF-4.151 However, samples of Zn(Im)2 are observed to undergo recrystallisation from the amorphous state to 




Figure 28: Colourised SEM images of ZIF-62 displaying no evidence of flow after thermal amorphisation. a. crystalline ZIF-62, and b. 
thermally amorphised, aTZIF-62. Reproduced from reference 55. 
2.3.4 The Structure of Amorphous MOFs 
It is observed for three polymorphs of the Zn(Im)2 MOF—ZIF-1, ZIF-3, and ZIF-4—that the amorphous structure is 
considerably denser than the crystalline MOF; ZIF-3 undergoes a 34% increase in apparent pycnometric density upon 
amorphisation, seemingly independent of amorphisation technique.54 Accordingly, the increase in structural density 
affects the structure's gas uptake, drastically reducing the measured surface areas and altering the framework's porosity 
and permeability. For example, the permeability of nitrogen gas (N2) through ZIF-8, Zn(mIm)2 (mIm = 2-methyl-
imidazolate), is lost as a result of amorphisation.52,54  
The gas sorption isotherms of the aMOFs also indicate two critical aspects of their structure; (i) the loss of immediate 
low-pressure gas uptake indicates a loss of accessible microporosity within the structure, and (ii) the induction of 
hysteresis (imperfect retracing of adsorption data upon desorption) upon amorphisation indicates slower gas diffusion 
kinetics in the aMOF (Figure 29). The presence of hysteresis, in turn, shows that pathways still exist within the amorphous 
structure but indicate a loss of periodic channels.   
  
Figure 29: Gas sorption isotherms of porous ZIF glasses. a. CO2 gas sorption isotherms for crystalline and amorphous ZIF-62. b. 
hysteresis observed for a sample of amorphous ZIF-76-mbIm. Reproduced from references 72 and 73. 
To investigate the dense atomistic connectivity within aMOFs, the diffuse scattering that gives rise to the FSDP in the 
PXRD pattern may be utilised since it contains useful two-atom pair data. Recorded total-scattering diffraction data may 
be processed to produce pair distribution function (PDF) data (Figure 30); peaks in the resultant graph indicate atomic 
distances within the sample as a histogram of total atomic contributions. PDF data for a sample of aTZIF-4 indicate bond 
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distances up to ca. 7 Å, which align with C–C, Zn–N, Zn–C, and Zn–Zn distances, corresponding to the bonding between 
Zn–Zn nearest neighbour pairs. Up to the Zn–Zn bond pair at 6 Å, the crystalline and amorphous samples of ZIF-4 are 
identical, confirming component integrity within the aMOF, but also detailing the range at which the disorder within the 
system occurs.52  The short-range similarity of these patterns confirm the tetrahedral Zn coordination environment, and 
the imidazolate bridging between Zn nodes is common to both phases.59 
 
Figure 30: Assigned PDF data of aTZIF-4, Zn(Im)2. Each peak in this graph represents atom pair distances within the material. The font 
is coloured to match the atom pair distance arrow marked in the short-range order unit of ZIF-4. Zn, turquoise; N, blue; C, grey; H, white. 
Reproduced from reference 52. 
Attempts have been made to model the structure of the amorphous MOFs through Reverse Monte Carlo (RMC) 
simulations. This modelling method is a random walk algorithm designed to model the experimental data by altering and 
simulating the input structure. RMC modelling of the crystalline-amorphous transitions in zeolites has shown that the 
framework connectivity is preserved during amorphisation: the short-range order of ZIF-4 should therefore be 
constrained in the refinement.59,152 Whilst models using the crystalline ZIF-4 and ZIF-zni structures were input to simulate 
the data, the best fit to experimental data was found using a model based on an established continuous random network 
(CRN) topology of a-SiO2. This model was modified by replacing the Si with Zn atoms and replacing the O atoms with 
imidazolate ligands, which provided an excellent fit to the recorded short, and medium-range order atom-pair 
distributions of ZIF-4 (Figure 31).59  
The resultant structure of aZIF-4 using the a-SiO2 model is consistent with the previous experimental data displaying a 
greater atomic density than its crystalline counterpart, and a loss of periodic channels. The tortuous pathways observed 
in the amorphous model pore space (Figure 31f) would also give rise to the observed hysteresis in the gas sorption 
isotherms. Whilst the determination of absolute atomic positions of all atoms within amorphous systems is not currently 
possible—and neither would it be precisely repeatable, even if it were—this model provides clear evidence that the non-
crystalline samples are not highly-disordered crystalline solids, but “truly” amorphous systems.59 
The structure of amorphous MOFs should not be considered a single state since structural studies of amorphous zeolites 
reveal entire potential energy landscapes (PELs) of unique structural arrangements within the solid.153,154 The structures 
corresponding to the local minima within these landscapes are correlated to their atomic density, such that the low-
density amorphous (LDA) systems are located deep in the PEL. ZIF systems have shown similar behaviour, and the 
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resultant density—and by extension, position in the PEL—has been shown to be dependent on the method of 
amorphisation.70  
 
Figure 31: Atomic configurations of ZIF-4 from the refinement of total scattering data. a. A region of crystalline ZIF-4 showing the unit 
cell in red, b. the corresponding RMC fit to the total scattering data of aZIF-4, and c. the corresponding pore volume of the crystalline 
system. d. A region of the ZIF-4 structure based on the CRN topology of SiO2, of roughly equal volume, e. the corresponding RMC fit, 
and f. the pore volume of an amorphous ZIF-4 gained from modelling synchrotron and neutron total scattering data. C, green; N, blue; 
Zn, red; H/D omitted for clarity. Experimental data in black and refinement in red. Pore volume in yellow. Reproduced from references 
59 and 68. 
2.3.5 Melting 
Shortly after the discovery of thermally amorphised ZIFs, some of the very same members of the ZIF family were observed 
to undergo a phase transition from crystalline solids to liquids (Figure 32). These liquids were subsequently cooled to 
form melt-quenched glasses.65 Melt-quenched glasses are distinguished by the presence of a liquid state; this is an 
essential factor due to the particulate fusion that imparts a change in physical properties. In each case, the liquid state is 
preceded by the formation of a solid amorphous phase (Figure 32e).  
The working hypothesis was that the reconstructive processes involved in amorphisation are caused by the breaking and 
reforming of Zn–N bonds within the structure. However, this did not explain the trend in the melting temperatures 
observed across these materials. The lowest temperature melting transition was for ZIF-62, Zn(Im)1.75(bIm)0.25, at 437 °C, 
with ZIF-4 being the most resistant to melting (590 °C). If the strength of the Zn-N bonds determined the activation energy 
of the melting transition, stronger Zn-N bonds would have higher Tms. However, the observed melting temperatures trend 





Figure 32: Known melting MOFs and their thermal reconstruction temperatures. Structural representations of four glass-forming ZIFs, 
a. ZIF-4, b. GIS, c. TIF-4, and d. ZIF-62, and e. the temperatures of their reconstructive transitions measured at atmospheric pressure. 
Reproduced from reference 65. 
In these materials, the Zn–N bond strength changes with the functional groups around the imidazolate ring through 
differences in the electron-donating ability of the nitrogen.65 The electron-donating capacity of these ligands roughly 
correlates with the pKa of their conjugate acids; Im = 6.8, mbIm = 12.46, and bIm = 12.8. Of the ligands within these 
frameworks, imidazole has the weakest electron-donating capability but has the highest Tm.   
The mechanism was further studied using first-principles molecular dynamics (FPMD) to model Zn–N and Zn–Zn bond 
distances within the structure and relate them to the Lindemann parameter—the root mean square fluctuation in atomic 
position about the equilibrium lattice position. The Lindemann criterion for melting specifies that the departure from 
linearity in the behaviour of the global atomic spacing within a system signifies a solid-to-liquid transition.155 Despite the 
relatively low accuracy of this method, a threshold value of 0.15  ΔL (the dimensionless Lindemann parameter) is taken 
as a critical value to determine melting. However, this value may vary between 5–20%.156 In these simulations, 
neighbouring zinc atoms deviate from the initial linear behaviour at around 1,200 K, which corresponds to a sudden 
increase in heat capacity of the simulated system.68 After 1,200 K, this model predicts the rapid increase in the 
concentration of undercoordinated zinc ions (Figure 33).  
This data, combined with the rapid dissociation and reassociation of imidazolate ligands within the model, supports a 
proposed melting mechanism. Snapshots of the picosecond reactions that occur provide defined reaction steps that occur 
during the melting process (Figure 34). Melting of ZIF-4 was shown to be a rapid ~400 fs association-dissociation of 
imidazolate between zinc nodes. In this time, the zinc coordination sphere fluctuates from a tetrahedral geometry to 
trigonal monopyramidal where an imidazolate ligand decoordinates from the zinc centre, forming an unsaturated trigonal 
planar complex. The unsaturated complex relaxes to a trigonal pyramidal geometry and is approached by another 
imidazolate linker which coordinatively bonds to the unsaturated zinc site, regenerating the original tetrahedral 
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geometry. This recoordination randomises the directionality of the resultant ligands removing the long-range order of 
the material. This mechanism is analogous to the single rate-determine step nucleophilic substitution, SN1, reactions that 
occur in organic molecules.  
 
Figure 33: The thermal dependence of the bond vibrations and Zn coordination environment of ZIF-4. a. Lindemann ratios of the Zn–
N and Zn–Zn atomic vibrations in ZIF-4, and b. predicted concentration of coordination around the zinc metal sites on heating. 
Reproduced from reference 68. 
 
Figure 34: The melting mechanism of ZIF-4 as determined by Bennett et al. The displayed mechanism represents critical events 
occurring in a molecular dynamic simulation occurring over a ~400 fs timeframe. Zn, green; C, White; N, Blue (initial); Orange 
(incoming). Reproduced from reference 68. 
The computational and experimentally derived mechanism provides some guidance for the investigation of other 
potentially melting MOF candidates: (i) the metal node cannot be sterically over-encumbered for the approaching ligand;  
(ii) the coordination bond strength must be strong enough for the framework to withstand high temperatures, and not 
too strong such that the activation energy for the ligand to decoordinate becomes too high; (iii) the structure must have 
enough pore volume to accommodate the free movement of an approaching ligand; (iv) the metal node coordination 
geometry must be flexible, and non-covalent interactions must stabilise the undercoordinated ion pair. 
2.3.6 Thermodynamics of Melting 
As suggested by Bennett et al., the melting of MOFs may not be dependent on the stability of the node or ligand 
individually but on a careful balance of low node stability in combination with high ligand thermal stability. This 
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arrangement results in unstable coordination environments of the node whilst preventing the decomposition of the 
ligands at higher temperatures.117 
Given the dependence of the Zn–N bond breakage as necessary for the melting of a ZIF, the activation free energy 
required to break this bond (∆𝐹‡) in ZIF-4 was calculated from partial radial distribution function analysis. By determining 
the Zn-N distance in each PDF, the potential of mean force (PMF, 𝐹(𝑟)) was calculated through the relationship of the 
Boltzmann constant (KB) and the calculated Zn–N distance (g(r)) over a range of temperatures through Equation 3, 
allowing for the calculation of ∆𝐹‡. This was fitted using linear regression to determine the enthalpy change (∆𝐻‡ ≈ 121 
KJmol-1) and entropy change (∆𝑆‡ ≈ 34 Jmol-1K-1) according to the Van ‘t Hoff equation (Equation 4).68 
 𝐹(𝑟) =  −𝐾  𝑇 ln 𝑔(𝑟) Equation 3. 
 ∆𝐹‡(𝑇) =  ∆𝐻‡ − 𝑇∆𝑆‡ Equation 4. 
Applying these thermodynamic principles to the synthesis of melting MOFs, three-dimensional MOFs with low-
temperature melting were revealed in a 2021 study.157 At its core, melting—which is referred to as fusion—is a 
thermodynamic event that has enthalpic and entropic components. This can be expressed as follows where: Tm, melting 




 Equation 5. 
Through this relationship, by minimising ΔHfus, and maximising ΔSfus, the melting temperature can be effectively reduced. 
Accordingly, ΔHfus minimisation requires a balancing of the net interatomic force strengths between the solid and liquid 
phases. Since the melting of a species entails the dissociation and reassociation of bonds, this thermodynamic 
contribution is addressed by lowering the coordination bond strength, thereby reducing the net enthalpic change.157 The 
maximisation of ΔSfus is somewhat more complex since the various entropic contributions in the liquid and solid states of 
metal–organic frameworks are less well understood. The system enthalpy regards the total strength of the atomic 
interactions in the structure. However, constraining molecules in the solid phase—thus restricting their configurational, 
vibrational, or rotational degrees of freedom—can be performed to increase ΔSfus. In the case of the metal-bis(acetamide) 
frameworks, specifically Co(bba)3[CoCl4] (bba = N,N′-1,4-butylenebis(acetamide)), low-symmetry, high-flexibility ligands 
were implemented such that the long, saturated alkyl chains are constrained to a linear configuration in the solid phase.157 
Due to the lack of thorough DSC performed in the MOF field, it is unknown how many of the tens of thousands of known 
MOF structures undergo melting. However, the melting of five separate groups of glass-forming hybrid crystalline systems 
is known, which produce glasses on cooling from the melt. 
2.4 Hybrid Glasses 
Fundamentally, hybrid materials comprise two or more of the organic, inorganic, and metallic families of materials as 
necessary for their structure. MOFs are an example of hybrid materials since they comprise both organic and inorganic 
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components; however, these three-dimensional structures are only one of the six known families of hybrid glass-forming 
families (Figure 35). Perhaps the earliest reported examples of melting and glass formation in hybrid materials, before 
ZIFs (Figure 35a), were of one-dimensional zinc phosphonate coordination polymers, e.g. [Zn(HPO4)(H2PO4)2](ImH2)2 
(Figure 35b).158 In this system, recrystallisation from the glass state in this structure permits the reversible amorphisation 
to the initial crystalline configuration, a property unobserved for ZIFs.158,159 For members of this family, and for the 
thiocyanate based glasses (Figure 35c),160 their ionic interactions combined with melting temperatures below an arbitrary 
100 °C threshold, technically permit the classification of these materials as ionic liquids. 
 
Figure 35: Configurations of the currently known glass-forming hybrid material structures and their reported melting ranges. a. 
zeolitic imidazolate frameworks, b. zinc phosphonates, c. thiocyanates, d. silver nitrile coordination polymers, e. hybrid perovskites, f. 
metal-bis(acetamide) frameworks, and g. melting temperature ranges of each material. Data extracted from and reproduced from 
references 68, and 155–159. 
In recent studies, two further examples of melting MOFs were introduced, a 2-dimensional silver nitrile-based 
coordination polymer (Figure 35d) and hybrid organic–inorganic perovskites (Figure 35e). The latter is based on the well-
known inorganic perovskite structures, which comprise corner-sharing, octahedral, halide-coordinated metal ions with 
large organic (or Cs+) cations occupying the cubic pores. The hybrid organic–inorganic perovskite structures replace the 
halide ligands with longer, bidentate organic species that bridge the anionic metal sites. The most recent family of melting 
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hybrid materials, metal-bis(acetamide) frameworks (Figure 35f), were borne of a study aimed at synthesising low-
temperature melting 3-dimensional frameworks.157  
2.4.1 Pair Distribution Function (PDF) Analysis on Hybrid Glasses 
The amorphous nature of glasses means that the atomic arrangement within these systems is identical in nature to 
previously discussed amorphous structures (see Section 2.3.4). One key difference is that by moving through a liquid 
state to form a glass, the fusion of the particulate provides larger samples. As for all amorphous materials, the atomic 
configuration cannot be extracted as precisely as for a crystalline system using current methodologies due to the 
aperiodicity in amorphous systems. However, the local- and intermediate-range structural features contained within the 
total scattering data may provide key structural information such as the atomic distances, coordination numbers, and 
particle sizes.164 PDF analysis is a complementary technique that, in combination with composition-determining 
techniques such as NMR and mass spectrometry, is crucial for determining local order structure in amorphous materials. 
One of the main advantages of this technique, in the characterisation of hybrid glasses, is its ability to provide evidence 
of cross-linker node distances.  
 
Figure 36: The difference between the PDF of crystalline and amorphous ZIF-62. a. PDF comparison of crystalline ZIF-62 (black) and 
agZIF-62 (dark green). Intratetrahedral distances in the structure labelled 1–6 and are shown inset. Reproduced from reference 57. 
A common method to accurately identify the observed interactions in amorphous materials is to measure a crystalline 
sample of the same composition first—typically before a crystalline-amorphous transition, for the greatest accuracy. By 
beginning with a crystalline sample of known atomic arrangement, the atom pair distances can be calculated and assigned 
to the PDF of the crystalline material. The distances of these atom pair interactions may then be compared and contrasted 
to the observed peaks in the PDF of the glass (Figure 36). In hybrid materials, where long organic linkers are present, the 
structural integrity of these materials can be confirmed in the short range of this technique. However, the critical 
information from this technique is to characterise the contiguous bonding within the sample. In the sample of ZIF-62, 
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Zn(Im)2-x(bIm)x, the presence of peak 6 in the PDF provide evidence of connected nodes over the linker distance.165 These 
inter-node atom-atom correlations evidence continuation of bonding throughout the structure. However, the marked 
reduction in peak intensity past this short-range order, in comparison to the crystalline sample, indicate the elimination 
of structural periodicity. 
Notably, any change in peak position or intensity is a direct result of physical changes within the system. Accordingly, 
changes in peak position may be a result of moving or missing atom-atom distances, and the introduction of new peaks 
can be used to identify the successful incorporation of material.165,166 
2.4.2 ZIF-62 Glass (agZIF-62) 
Of the known zeolitic imidazolate frameworks, ZIF-62 is amongst the lowest melting temperature members—with a Tm 
of 437 °C—but perhaps has the largest body of research amongst such members. ZIF-62 comprises M2+ nodes 
tetrahedrally coordinated to bidentate, bridging ligands of both imidazolate and benzimidazolate. This system crystallises 
in an orthorhombic (Pbca) space group with a cag net topology (Figure 37a,b).97 ZIF-62 has been synthesised from both 
cobalt, zinc, and mixtures of the two metals.57,72,167 Interestingly, the cobalt variant, ZIF-62(Co), melts at a slightly lower 
temperature of 432 °C,72 and a mixture of the two systems induces non-linear optical properties not observed in either 
single-metal species.167 Furthermore, broad mid-IR luminescence has been observed for cobalt-containing agZIF-62 
arising from cobalt d-d transitions and can be enhanced by increasing cobalt concentration.168 
 
Figure 37: Configurations of ZIF-62 and its glass-forming ability relative to other families of glasses. a. Schematic illustrations of 
ZIF-62 depicting equal occupation of Im and bIm linkers. representation of the crystal structure viewed along the b axis. The metal 
coordination environment is represented by purple tetrahedra, and bIm carbons are coloured orange. b. identical view of the structure 
with solvent accessible volume depicted in green. Metal, purple; C, grey; N, blue. Reproduced from reference 72, and c. A comparison 
of Tg/Tm ratios between ZIF-62 and other glass-forming systems. Reproduced from reference 57. 
 A 2018 paper describing the melting and glass-formation of ZIF-62(Zn) revealed that this system exhibits an unparalleled 
glass-forming ability with a Tg/Tm ratio of 0.84 (Figure 37c). The Tm and Tg are dependent on the linker ratio and, 
interestingly, inversely proportional to the bIm concentration in the x = 0.12–0.22 range of Zn(Im)2-x(bIm)x. Furthermore, 
ZIF-62 was compared to silica with respect to their crystal growth kinetics, measured by heating close to Tm over 24 hours. 
Silica also displays a high glass-forming ability and exhibits low rates of crystal growth on annealing. However, whilst 
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micrometre crystallites are observable in silica glass after 24 hours, no detectable crystallisation was observed for 
agZIF-62, indicating even lower crystal growth kinetics.57 
The phase stability of ZIF-62 was studied using DSC and a pressure-controlled diamond anvil cell with cell-penetrating 
synchrotron source X-ray data. By quenching to observe sample morphology, the distinction between liquid and high 
temperature, or pressure, amorphisation could be made; particulate fusion is not observed for samples which have not 
passed through a liquid phase. This study revealed the distinct stability fields of crystalline, high temperature amorphous, 
high pressure amorphous, and liquid states of ZIF-62. Interestingly, pressure may be applied to promote low-temperature 
melting of ZIF-62, significantly reducing the melting point to ca. 360 °C at just over 2 GPa pressure.55 This information is 
helpful to understand the range of operating conditions for the application of ZIF-62 (Figure 38). 
 
Figure 38: Temperature-pressure stability fields of ZIF-62. By recording the PXRD patterns and observing macrostructural changes, 
areas of pressure and temperature-induced transitions have been delineated. Reproduced from reference 55. 
Of particular interest regarding ZIF-62 is its ability to retain porosity in the glass. Whilst agZIF-62 is slightly denser than 
crystalline ZIF-62,65 a 6% internal pore volume was recorded for the glass—down from 27% in the crystalline material—
as determined by positron annihilation lifetime spectroscopy (PALS).57  This retention of pore void space is supported by 
gas sorption studies of agZIF-62 which demonstrate permeation of CO2 (Figure 29) to gases as large as propene (Figure 
39a) within the pores of the glass.58,72 The gas uptake in the glass is non-linearly dependent on the bIm:Im ratio where 
agZn(Im)1.83(bIm)0.17 displayed greater uptake than either agZn(Im)1.95(bIm)0.05 or agZn(Im)1.65(bIm)0.35 for both propane 
and propene (Figure 39a). Furthermore, agZIF-62 is selective between propane and propene in both theoretical 
calculations and apparent in the uptake-time profiles for each gas (Figure 39b), where equilibration to 90% uptake takes 
over six times longer for propane than propene for a sample of agZnIm1.83bIm0.17.58 The uptake rate difference between 




Figure 39: C3 selectivity of agZIF-62(Zn) shown via the kinetic sorption profiles of gas sorption isotherms. a. Propane and propylene 
(propene) gas sorption isotherms of agZIF-62(Zn) (293 K) glasses varying the concentration of bIm linker. b. Kinetic sorption profiles of 
propane and propene recorded with an equilibrium pressure of ~54 kPa. The adsorption and desorption branches are respectively shown 
with solid and open symbols. Reproduced from reference 58. 
On a macrostructural level, agZIF-62 forms a transparent bulk glass*2 with a 90% transmittance in the visible and near-
infrared frequencies (i.e. 400–1600 nm). This is corroborated by the determined high homogeneity of the glass and low 
spatial fluctuations in the optical transparency.76 The refractive index (1.56 at 589 nm) and Abbe number, ν (ca. 31), of 
ZIF glasses place the optical properties of agZIF-62 in a comparable region of the refractive index-Abbe number diagram 
to the upper range of polymers, but like many of the other properties, can be tuned to a small degree by altering the 
linker ratio.71 This high optical transparency is considerable in conjunction with the system’s physical properties. 
Whilst there is some disagreement in values of physical properties of agZIF-62, with recorded Young’s moduli, E, of 4.1 
GPa (from molecular dynamics),169 5.2 GPa,169 6.1 GPa,170 6.58 GPa,75 7.15 GPa,171 8.7 GPa,55 and 8.8 GPa,65 this material, 
and MOF glasses in general, display a Young’s modulus-density profile distinct from both inorganic and metallic glasses. 
This profile of MOF glasses aligns with the upper region of elastic polymers (Figure 40a)—also known as elastomers or 
rubbers—establishing a truly unique material space for these materials, with uncharted application potential.  
Extensive nanoindentation studies have also been carried out to extract complex physical characteristics such as the 
strain-rate sensitivity of indentation hardness, m, a characteristic describing the time dependence of deformation.75 In 
this study, m was measured through two methods, constant load and hold (CLH) and strain-rate jump (SRJ) tests (Figure 
40b) extracting respective values of 0.0822 and 0.0717, similar to that of polycarbonate, polysulfide, and PMMA polymers 
(m = 0.05–0.10).75,172 In this study, agZIF-62 and agZIF-4 are shown to behave as Newtonian viscous solids, where agZIF-76 
and agZIF-76-mbIm behave as rigid, plastic solids. This behaviour of agZIF-62 and agZIF-4 is ascribed to their greater density 
compared to the more porous agZIF-76 systems. Furthermore, this study details investigation into the fracture properties, 
revealing that, unlike inorganic and metallic glasses, agZIF-62 does not undergo ductile fracture within the limits of 
 
*2 It is noted that, in one study, annealing the glass for 24 hrs is required to achieve this result.57 
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spherical scratch testing. Therefore, it is concluded that the effect of superstructural parameters on the network rigidity 
determines the mechanical response of MOF glasses.75  
 
Figure 40: The mechanical properties of ZIF glasses compared to other glassformers. a. Ashby style plot of a selection of MOF glasses 
(blends) placed in context with known inorganic glasses, metallic glasses, alloys, and elastomers. Reproduced from reference 170. b. 
Relationship between the hardness, H, and the indentation strain-rate of four MOF glass systems. Reproduced from reference 75. 
In corroboration of the absence of ductile fracture, agZIF-62 shows no evidence of macro-ductility either, displaying brittle 
behaviour in fracture toughness testing, with a brittleness index, Bindex, of 0.7, similar to disordered calcium-silicate-
hydrate gel (0.62), but significantly lower than a-SiO2 glass (0.9).169 This study revealed that agZIF-62 displays exceptionally 
low fracture toughness behaviour between the ranges of foams and elastomers. Molecular dynamic simulations were 
employed to understand the origin of this behaviour. Simulations were initiated with pre-cracked agZIF-62, and the strain 
was gradually increased (Figure 41); cracks were observed to propagate via the rupture of Zn–N bonds.169 Each of these 
macrostructural feature investigations of MOF glasses serves to clarify a broader perspective of these materials, 
highlighting their advantages to elucidate their potential applications. An important feature of MOF glasses is their ability 
to form bulk structures, overcoming key problems related to the application of MOF powders. 
 
Figure 41: Structural representation of crack propagation in pre-cracked agZIF-62 upon increasing strain, ε. These images are 
generated by molecular dynamic simulations of a pre-cracked sample, displaying structure deformation processes and limiting bond 
strengths. Zn, blue; C, red; N, green; H, grey. Reproduced from reference 169. 
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2.5 Macroscale MOF Structures 
Whilst crystalline MOFs have shown exceptional properties, several industrial practicability issues remain. One barrier is 
the inherent difficulties in processing and shaping MOF microcrystalline powders into mechanically robust macroscale 
morphologies.173,174 Conventionally, high-pressure pelletisation or binders are used in the shaping of MOF powders, but 
these treatments have been shown to decrease material efficacy significantly.175 However, a few separate studies have 
produced bulk samples with promising results. In one, a 2 cm diameter, 0.5 cm thick monolithic sample of ZIF-4 was 
prepared using a spark plasma sintering press, displaying near-identical properties to the original material (Figure 42a); 
this technique is, however, limited to melting MOFs.176 For non-melting frameworks, monoliths of HKUST-1 have been 
fabricated using sol-gel syntheses with reflective surfaces, where the constituent particles could no longer be observed 
(Figure 42b,c).173,177 
 
Figure 42: Optical images of a range of MOF monolith samples. a. ZIF-4 pellet using spark plasma sintering press, reproduced from 
reference 176, b. monolith of HKUST-1 using sol-gel synthesis, reproduced from reference 173, and c. monolith of HKUST-1 using another 
sol-gel synthesis method. Reproduced from reference 177. 
The formation of composites by combining MOFs with more processable materials such as polymers offers solutions to 
the aforementioned problems in manufacturing robust bulk structures. These macroscale architectures, membranes, and 
thin films are particularly important given the requirements for continuous, defect-free coverage and flexibility under 
pressure.178 Mixed matrix membranes (MMMs) are a prototypical case of such materials.179 Here, a crystalline MOF filler 
is typically dispersed in an organic polymer; a typical synthesis involves the suspension of the desired MOF, polymer, and 
solvent into a homogeneous, viscous ‘ink’ before shaping and curing/drying to yield a MMM (Figure 43).180,179  
The disordered nature of the polymeric organic component within MMMs provides both structural stability and facilitates 
shaping. However, significant penalties are incurred, including pore blocking by the matrix, aggregation of the filler and 
poor adhesion between the two components, which prevents high loading capacities.181 To improve the compatibility 
between the two species, there have been attempts to functionalise the surface of the MOF with species that have a 
higher affinity to the surface of the polymer. For example, in a recent study, the interfacial compatibility of UiO-66 
[Zr6O4(OH)4(BDC)6] with polyether oxide-polyamide (PEO-PA) blocks (Pebax-1657) was improved by synthesising an 
analogue of UiO-66 with additional functional groups extending from the benzene ring. The introduced –NH2 and –CO2H 




Figure 43: Illustration of a typical mixed-matrix membrane (MMM) synthesis. a. A typical synthesis of a MMM by creating a depositing 
a MOF-ink, film casting, and evaporating off the solvent, and b. optical images of successfully synthesised MMMs using typical MOFs. 
Adapted from reference 179. 
In contrast to such techniques, MOF glasses provide their own bulk MOF material through the fusion of MOF particulate. 
Utilising the ability of the ZIF-62 particulate to fuse together, coupled with the inherent porosity and demonstrated 
separation potential of agZIF-62, research has been conducted to investigate the potential to form thin-layer MOF glass 
membranes. Since fusion of the particulate generates contiguous bonding throughout the structure, MOF glasses are 
uninterrupted by voids left by the sintering process—which are likely to weaken the structure. Furthermore, the 
contiguous bonding of MOF glasses imparts an advantage over polymer-supported MOF materials both in stiffness and 
interfacial compatibility. MOF-on-polymer membranes are known to exhibit void spaces between MOF particulate, 
polymer strands, and at MOF-polymer interfaces. Such incompatibility leads to unwanted channels through the material, 
detracting from potential separation ability. Therefore, the synthesis and characterisation of composite materials without 
these disadvantages is of great importance to bridge the divide between advanced MOF material synthesis and practical 
device fabrication. 
2.6 Potential Applications for Amorphous MOFs 
One immediate benefit to the application of amorphous over crystalline MOFs is that there are inherently fewer 
considerations with regard to structure-dependency on temperature and pressure. However, due to the nascency of 
aMOF research, the full extent of their potential application has not been exhaustively explored.  
One of the fundamental applications of these materials is the ability to take advantage of the crystalline-amorphous 
transition. In one study, a selection of crystalline ZIFs were loaded with iodine gas and ball-milled to the amorphise the 
structure.148 This structural collapse prevents the iodine from escaping the structure, irreversibly trapping the gas. In 
principle, this process should be applicable to any species that may permeate into the crystalline MOF, but not exit the 
amorphous material. This would enable amorphous MOFs to act as permanent storage for a broad range of materials, 
from air-sensitive catalysts to harmful gases.148 
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Another interesting application of aMOFs is in the controlled slow release of molecules for drug delivery. In a 2015 study, 
calcein, a structural analogue to an API, was loaded within the pores of a UiO-66, and the structure was collapsed to trap 
the guest molecules. The difference between the rates of release from the crystalline and amorphised frameworks show 
an order of magnitude difference, where the guest is reported to release the adsorbed calcein over 30 days in the 
amorphous sample, compared to 2 days for the crystalline material.61 This increased delivery time was unprecedented 
for nanoparticulate drug delivery systems.61 Utilising property changes upon amorphisation has also been demonstrated 
through the conversion of an insulating copper-based MOF to a semiconducting amorphous MOF.183 
On a morphological level, the ability to form macroscale MOF structures through liquid state fusion improves the 
suitability of MOFs in systems otherwise ill-suited to the fine powder nature typical of crystalline MOFs. Porous MOF 
glasses have already demonstrated hydrocarbon separation abilty58 leading to the production of thin-film membranes 
exhibiting high separation performance for H2/CH4, CO2/N2, and CO2/CH4 gas mixtures.184 The unique physical properties 
of MOF glasses, located in a previously unoccupied area of material space, may also be utilised. One suggested application 
is in the production of scratch-resistant, non-brittle glass surfaces;75 such materials would be well-suited for 
optoelectronic applications. Accordingly, amorphous MOFs hold keys to accessing unique physicochemical properties and 
functionality unobtainable by crystalline MOFs alone. In this work, new materials are sought which utilise the porosity 









Chapter 3 Experimental Methods and Materials 
 
3.1 Characterisation Techniques 
3.1.1 X-ray Diffraction 
3.1.1.1 Theory 
X-ray diffraction (XRD) analysis is a routine technique typically employed to analyse crystalline materials. The 
measurement of a diffraction pattern involves irradiating the sample with X-rays and measuring the intensity of the 
diffracted X-rays over a range of angles. X-ray diffraction (XRD) experiments may be divided into two categories: single-
crystal and powder XRD. The former is generally used for ab initio structural investigations of materials with unknown 
structure; this method uses a single, large crystalline sample and records the diffraction of an incoming beam using a 2-
dimensional, fixed detector. This is repeated over a number of crystalline orientations until sufficient data is recorded. 
These data are then consolidated and analysed to extract the crystal system, unit cell size, symmetry, and space group to 
refine a plausible distribution of atoms most accurately describing the atomic arrangement. This technique provides a 
detailed view of the structure but is labour-intensive, costly and highly technical. There are also strict material 
requirements for the experiment, such as that it requires a uniform, single 10–100 μm size crystal sample, which are 
often difficult to obtain with MOF materials. 
In contrast, powder X-ray diffraction (PXRD) is a quick and simple method that is typically used for structural confirmation 
or small changes to a known system. This method has fewer sample criteria, requiring only a level powder, regardless of 
crystalline orientation. The apparatus then irradiates the sample and scans a range of 2θ values whilst optionally rotating 
the sample (Figure 44a). The angular position of the diffracted waves is governed by the Bragg equation shown in Equation 
6.185 




Figure 44: Typical powder X-ray diffraction setup and constructive interference conditions. a. Setup of a Bragg-Brentano powder X-
ray diffractometer displaying the how measurements at different 2θ are taken. And b. Illustration of the elastic scattering of an X-ray 
from atoms in a periodic solid. Reproduced from reference 186. 
The Bragg equation describes the criteria for constructive interference to occur, involving the wavelength of the incident 
X-ray, λ, lattice spacing, d, and the angle of incidence, θ. This can be visualised in Figure 44b where lattice planes of the 
sample are represented by points. In this diagram, the lower in-phase photon must travel an extra distance to and from 
the lower plane, compared to the upper photon. If the total extra distance, given by 2dsin(θ), is equal to an integer 
number of wavelengths of the incoming X-ray, then the two diffracted photons will be in-phase and coherent. These 
photons constructively interfere, and high-intensity diffraction is recorded at this angle. Due to the relationship between 
the diffraction angle and the material d-spacing, the measured peaks, therefore, provide information regarding the 
atomic periodicity. In the experiment, peaks in recorded intensity correspond to reflections relating to crystal planes 
within the sample.  
3.1.1.2 Powder X-ray Diffraction Experimental 
Room temperature data were collected on ground samples of the composite materials with a Bruker-AXS D8 Advance 
powder diffractometer using Cu Kα radiation (λ = 1.5418 Å) and a LynxEye position-sensitive detector in Bragg-Brentano 
(θ–θ) parafocussing geometry. Diffraction patterns were typically recorded at 2θ values of 5–40° with a time/step of 0.75 
seconds over 1724 steps through a 0.012 mm Ni filter.  
3.1.2 Variable Temperature PXRD (VT-PXRD) 
X-ray diffraction techniques may also be performed at a range of temperatures and refined to provide information about 
how the sample reacts to temperature. In this experiment, the sample is typically placed under a vacuum, and the sample 
stage is heated. This experiment may be performed continuously or incrementally. In a continuous experiment, a sample 
is heated at a set rate and continuously irradiated to determine precise thermal dependencies of diffraction peaks, 
especially for those relatively unstable to the experimental conditions. In contrast, incremental experiments heat and 
equilibrate at set temperatures and isothermally hold whilst a full PXRD scan is recorded before elevating the 
temperature to record the following pattern. Among many other informative data that may be extracted using this 
technique, the rate of thermal expansion may be calculated and compared to other systems via the coefficient of thermal 
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expansion. For each axis, this value is defined by Equation 7 where αa is the linear coefficient of thermal expansion (CTE), 
and a is the length of the unit cell parameter.125 






 Equation 7. 
The replacement of  with ∆
∆
 for determination by VT-PXRD can be shown using via a Taylor expansion. Assuming 𝛼  is 
constant with temperature allows integration of Equation 7 to give Equation 8. Which has a Taylor expansion of Equation 
9. 
 ∆𝑎 =  𝑎 𝑒 ∆ − 1  Equation 8. 
 ∆𝑎 =  𝑎 1 +  𝛼 ∆𝑇 +
𝛼 ∆𝑇
2
+ ⋯ − 1  Equation 9. 
If the value of ∆  is comparable to the error in the lattice parameter measurement for all samples, then the Taylor 






 Equation 10. 
This equation is valid for materials that (i) exhibit small changes in the CTE over the measured temperature range and (ii) 
undergo small expansion values relative to the initial volume of the material. The temperature dependant, volumetric 
expansion values of refined unit cells calculated from variable temperature PXRD data, may be calculated with Equation 
11. The mean value of ΔV/ΔT may be determined by extracting the gradient from a linear region of a volume-temperature 
plot or differentiating a second-order polynomial fit. The assumptions in this relationship are justified as above. 





 Equation 11. 
3.1.2.1.1 VT-PXRD Experimental 
Data were collected on ground samples of each material, which were mixed with ~10% by volume of silicon powder (Si), 
using a Bruker D8 Advance equipped with an MRI high-temperature chamber and a Vantec detector, using Cu Kα radiation 
(λ = 1.5418 Å) under vacuum (8.5 × 10-3 mbar). Prior to running the experiments, height adjustments were performed to 
optimise the full-width at half-maximum (FWHM) value of the (111) silicon standard reflection at ca. 28.45° 2θ. Samples 
were heated in 20 °C increments from 30 °C to an appropriate end temperature. Diffraction patterns at 2θ values of 5–
40° were recorded at each increment with a time/step of 0.6s over 0.04° steps. 
In situ synchrotron data were collected at the small-angle X-ray scattering (SAXS) beamline of the Australian Synchrotron 
facility. Dried crystal powder samples were loaded into 1.0 mm quartz capillaries under Ar protection in a glove box. The 
in-situ synchrotron powder diffraction was investigated with beamline SAXS radiation at 16 keV, 2675 mm camera length 
using a Pilatus 1M detector in transmission mode. For each analysis, a line scan of 3 mm at 0.3 mm s−1 was conducted. 
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The background of the empty capillary was subtracted. The data were processed using in-house developed Scatterbrain 
software for averaging and background subtraction. 
3.1.3 PXRD Refinements 
The recorded PXRD pattern may provide a variety of information regarding the structure of the crystalline material. PXRD 
data may be refined in software, such as TOPAS, to accurately predict many of the structural properties of the recorded 
sample using a crystallographic information file taken of the same material. Two of the main refinement strategies, and 
ones used herein, are Pawley and Rietveld refinements. 
A Pawley refinement uses only the space group and lattice parameters from the provided crystallographic information 
and attempts to match the recorded data. Each space group is defined by a set of symmetry operations; symmetry 
allowed reflections are defined for each system. The d-spacing of the calculated peaks is then determined by the lattice 
parameters of the unit cell. Accordingly, a Pawley refinement predicts the possible hkl indices of the structure and relates 
them to the peak positions in 2θ by the given X-ray wavelength. The input parameters, such as the unit cell, background, 
crystal size, and preferred orientation, are subsequently refined to match the positions of the calculated peaks to the 
recorded pattern. 
A Rietveld refinement is a more complex strategy that utilises all the information contained in the crystallographic 
information file. Each atom, its position, shape, and its X-ray scattering contributions may be treated as separate variables 
to refine the PXRD data. Certain techniques may be employed to simplify the data; one such method is to use a rigid body 
assumption which is a set of atoms defined by cartesian coordinates. This may be used where known structures are 
present in the system, such as rigid organic linkers in MOFs with defined structure; this reduces the number of variables 
in the refinement. Unlike a Pawley refinement, a Rietveld refinement refines the peak intensity of the recorded pattern 
to obtain greater structural information, such as precise preferred crystalline orientation and exact atomic positions. The 
benefit of refining data in this way is that the refined data generates a visualisable geometric explanation of the data.  
Further information that can be gleaned from PXRD data is crystal sizes (defined by the Scherrer equation187 which relates 
peak width to grain size) and crystal strain. Furthermore, by use of a well-defined standard (such as silicon powder), 
accurate temperature and pressure calculations, contributions to crystallinity, and sample displacement calculations can 
be made. For many, mixing standards with the sample is standard practice since experimental and sample contributions 
to the pattern can be separated using calculations made using the standard. 
3.1.3.1 Experimental 
Chapter 5 Sequential Refinements 
PXRD patterns were analyzed by Rietveld refinements using TOPAS academic (V6) software.188 Pseudo-Voigt peak shapes 
were globally refined as a single set of parameters for all scan files. A 9th-order Chebychev polynomial background, a 
Gaussian background peak accounting for the amorphous background from the ZIF-62 glass, scale factors, unit cell 
parameters of the MIL-53 structure, as well as 8th-order spherical harmonics preferred orientation corrections were 
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refined individually for all scans. In the analysis of these materials, preferred orientation was included, despite no 
apparent preferred dimensional growth in the SEM images, for two reasons: i) the ball-milling step in the production of 
the composite induces stresses that may shear apart the frameworks along weak crystal planes, thus introducing a level 
of dimensional preference not present in the pure MOF materials, and ii) the application of pressure is well-known to 
induce preferred orientation in a system to allow for optimum packing under pressure. The refinements were thus 
permitted to allow for a preference in crystalline orientation to account for these factors. 
Chapter 7 Sequential Refinements 
VT-PXRD data were analyzed with TOPAS academic (V6) software.188,189 Reported thermal expansion data for Si provided 
an accurate calculation of unit cell parameters for the Si standard.190 Using these values, peak position was corrected for 
sample displacement across sample series. XRD data were refined sequentially using the reported crystallographic 
information files of MIL-118B, MIL-53-lp, or UL-MOF-1; atomic positions were included but were constrained in the 
refinements.121,191,192 To account for the diffuse scattering from agZIF-62 in the MOF CGCs, a broad Gaussian peak was 
added and permitted to refine sequentially. Subsequent refinements in the series were performed using the final values 
for the previous pattern as initial values. A Pearson VII function and an 8th-order Chebychev polynomial background were 
used to model the peak shape and the background, respectively. Scale factors, unit cell parameters, 8th-order spherical 
harmonics and preferred orientation corrections were refined individually for all scans. Preferred orientation was 
included for the reasons listed in the previous refinements. 
3.1.4 Pair Distribution Function (PDF) 
Pair distribution function is an advanced technique involving the Fourier transform of X-ray total scattering data to 
determine the probability of finding an atom relative to an average atom at the origin. The wavelength of the incident 
beam determines the resolution of the data; the maximum resolution of two peaks corresponds to the radius of the 
resultant Ewald sphere, given by λ/2. Therefore, the use of synchrotron X-rays provides the greatest resolution of real-
space data (Figure 45). The improvement of Q space resolution—through the sacrifice of real space resolution—makes 
this technique invaluable for studying materials on an atomistic scale, and therefore indispensable for the study of 
amorphous materials.193,194 Initially, PDF was used to study inorganic specimens;195,196 however, applying this technique 
to nanocrystalline powders and molecular solids such as MOFs has rewarded indispensable utility for probing atomic 
distances.164 In the calculation of this data, the scattering coordinate and magnitude of the scattering momentum, Q, is 
defined by the incident wavelength, λ, and the scattering angle, θ: 
 𝑄 =  
4𝜋 sin(𝜃)
𝜆
  Equation 12. 
In the derivation of the pair distribution function from the total scattering data, the measured scattered amplitude is 
equated to the sum of the scattering of each atom and self-scattering components are then isolated. A factor known as 
the Laue monotonic diffuse scattering is then incorporated to account for the imperfect cancellation of intensities at 
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destructive interference conditions originating from unequal X-ray scattering strengths. The data are then normalised by 
the total number of scatterers, N, and the average scattering factor, <f>, to subtract the self-scattering term.197 
 
Figure 45: Experimental setup at Diamond Light Source, U.K., I15-1. This apparatus is used for the recording of total scattering X-ray 
data for pair distribution function analysis. The yellow arrow indicates the synchroton-source X-ray path, scattering within the projected 
yellow cone. Recorded intensity is overlayed on the detector. Reproduced from reference 198. 
Isotropy must be assumed such that all crystalline orientations are present to apply this theory to amorphous and non-
crystalline solids. The scattering coordinate dependent interatomic distance, Qrij, is therefore assumed to be equal to 
Qrijcosθ. In doing so, θ takes all values with equal probability, giving the total scattering structure factor, S(Q) as: 






 Equation 13. 
Where fi and fj* are the form factors for atoms i and j, which, due to the diffuse shape of the electron cloud makes them 
a function of Q.199 The reduced total scattering function, F(Q), used to calculate the PDF, is related to S(Q) as follows: 
 𝐹(𝑄) = 𝑄[𝑆(𝑄) − 1] Equation 14. 
The experimental PDF, G(r), can finally be expressed as a function of the reduced total scattering structure function, F(Q), 
and integrated over the measured values of Q, as follows: 
 
𝐺(𝑟) =  
2
𝜋
𝐹(𝑄) sin(𝑄𝑟) 𝑑𝑄   Equation 15. 
Where the 2/π prefactor to the Fourier transform is introduced to ensure that the sine transformation begins at 1—since 
the zero-point lies at the centre of an atom.197,199 The limits of the scattering momentum are experimentally determined 
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parameters, where Qmax may be calculated by the wavelength of the incident beam as per Equation 12. The PDF has also 
been expressed by accentuating the correlations at higher atomic distances factoring in the atomic number density, ρ0, 
as follows: 
 𝐷(𝑟) =  4𝜋𝑝 𝑟𝐺(𝑟)  Equation 16. 
Such calculations would provide accurate atom-pair distances for a perfect, isolated sample in a vacuum. However, the 
experiment is typically performed in air, and the sample is packed into a silicate glass capillary. To account for this, 
atmospheric scattering and scattering from an empty container are subtracted from the data.  
The data are then processed by the user in GudrunX in an iterative process by tuning data correction parameters to 
ensure that the data are meaningful. Examples of such processes are the subtraction of inelastic scattering effects from 
charged particles (Compton scattering), adjusting the minimum radius for Fourier transform, and removal of truncation 
oscillations due to a slowly varying Q-dependent background through the introduction of a top-hat function.197  
3.1.4.1 Calculating G(r) from a model 
For a known structural model, the G(r) can be calculated using PDFGUI software200 from the atomic number density, ρ0, 
and the atomic pair density, ρ(r) as follows: 
 𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌 ] Equation 17. 
Where the atomic pair density can be expressed as the average weighted probability of finding an atom at a distance r 
from any atom within the system.199 This can be calculated by the summation of atom pair distances from a reference 
point, weighted by the scattering factor of the pair as follows: 





𝛿 𝑟 − 𝑟  Equation 18. 
Where bi and bj are the scattering factors of atoms i and j, 〈𝑏〉 is the average scattering factor, and rij is the distance 
between atoms i and j.199 δ here is not a variable, but a Dirac delta function that distributes the density of a point mass 
and is applied to account for diffusivity of the electron cloud. This equation may also be separated into individual 
scattering components to model the PDF of specified atom pairs within a system.197 This is known as the partial PDF, Gij(r), 
and is particularly useful in assigning atom pairs in the total PDF. 
3.1.4.2 Experimental 
Data were obtained at the I15-1 beamline, Diamond Light Source, UK (λ = 0.161669 Å, 72 KeV). All samples were finely 
ground, packed into 1 mm diameter SiO2 capillaries or into 1.17 mm (inner) diameter borosilicate capillaries before 
analysis.  Data were taken of the background, empty capillary, and of all samples to a Qmax of 26 Å-1. Normalised total 
scattering data were corrected individually through Breit-Dirac factors, Compton scattering, tweak factors, top-hat 
widths, minimum radii for Fourier transforms, width of broadening in r-space, broadening powers, and refined to a Qmax 
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of 24 Å-1 using the open-source GudrunX software.197,201 Predicted patterns were generated using the respective reported 
crystallographic information files available online and the PDFGUI software.200 
3.1.5 Nanoindentation 
3.1.5.1 Theory 
Nanoindentation is a common technique in the quantitative analysis of small-scale mechanical behaviour. This technique 
involves the impression of a metallic tip of a known shape into the surface of a material, measuring the load required as 
a function of displacement. The precision of the indenter position accentuates errors from external vibrations; therefore, 
vibration isolation is essential for accurate data. In Figure 46a a triangle-based pyramid-shaped indenter tip, known as a 
Berkovich indenter, is illustrated; these and spherical indenters are two commonly used tip shapes due to their symmetry.  
 
Figure 46: Illustration of a typical indenter and load-displacement profile from Nanoindentation. a. Diagram of the indenter tip 
penetrating into a sample. b. A typical Load-indentation graph during nanoindentation. Reproduced from reference 202. 
The most widely adopted method for indentation is the Oliver and Pharr method. In a typical experiment, the surface is 
located by lowering the indenter until a small pre-set load is achieved, which is defined as the surface. The load and 
displacement into the surface are both continuously measured as the indenter penetrates to a set depth into the sample. 
As the tip is lowered, two processes occur, deformation of the sample plastically around the tip and elastic deformation 
as the specimen resists the load.203 
To measure the physical properties of the sample, the sample-indenter contact area must be calculated. Importantly, the 
surface of the sample deforms under the applied load by a sink-in depth, hs; the penetration depth of the indenter, hc, is, 
therefore, less than the depth of the intender top from the surface, hmax (Figure 46a). The contact height can therefore 
be expressed as: 
 ℎ =  ℎ −  ℎ  Equation 19. 
However, this does not account for pile-up, where indented material is displaced around the periphery of the indenter, 




 ℎ = 𝜖
𝑃
𝑆
 Equation 20. 
Where Pmax is the maximum load, S is the stiffness (Figure 46b). The geometry of the tip is accounted for with a constant, 
ϵ, where, for example, ϵ can be approximated to 0.72 and 1.00 for a conical indenter and a flat punch, respectively.204 A 
Berkovich indenter can be modelled by a conical indenter with an identical depth-to-area relationship, which is valid for 
a conical indenter with a half-included angle of 70.3°.203,205 The calculated value of hs can be inserted into Equation 19. 
The contact area, A, of the indenter can therefore be measured as a function of h to account for indenter shape. 
 
𝐴 = 𝐹(ℎ ) Equation 21. 
Usage of the indenter leads to the grinding of the tip which induces tip curvature. This may be modelled using constants 
determined by curve-fitting procedures, C0 . . . C8, in Equation 23, accounting for curvature over a wide range of depths. 
 
𝐴 = 𝐶 (ℎ )  Equation 22. 
 𝐴 = 𝐶 ℎ + 𝐶 ℎ + 𝐶 ℎ / + 𝐶 ℎ / + ⋯ + 𝐶 ℎ /  Equation 23. 
Upon determination of A, the hardness, H, may therefore be measured as the load per area unit. This is typically measured 
from the initial unloading region of the experiment. This definition of hardness works when there is negligible elastic 





 Equation 24. 
The unloading stiffness, S, and contact area, A, may also be used to calculate Young’s modulus, E, through the calculation 





𝐸 √𝐴 Equation 25. 
Where 𝛽 is a constant accounting for deviations in the calculated stiffness, and whilst traditionally taken as unity, may 
vary significantly.206 Finally, Eeff is related to the Young’s modulus, E, through the Poisson’s ratio, v, and indenter elastic 









 Equation 26. 
3.1.5.2 Continuous Stiffness Measurement 
An improvement to current methods of measuring the stiffness of a material may be performed by using a continuous 
stiffness measurement. In this method, oscillations are introduced to the force signal, and the corresponding 
displacement signal is measured. In this technique, values of H and E are measured as a function of depth rather than 
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calculating a single overall measurement. The calibration and testing procedures are shorter in this method, and 
furthermore, the method evades issues surrounding time-dependent plasticity and thermal drift.203 
3.1.5.3 Experimental 
Samples for nanoindentation were mounted on a steel plate using Loctite Super Glue to weight the sample and encased 
in hardened epoxy resin. The steel plate was carefully ground by using coarse sandpaper on a water irrigated rotary disc, 
gradually reducing the sandpaper grit until revealing the sample. The sample surface was then carefully smoothed to a 
0.25 μm finish using diamond paste on fabric rotary disks.  
The Young’s modulus and hardness were determined using an Agilent MTS Nanoindenter XP, fitted with a Continuous 
Stiffness Measurement (CSM) module. Nanoindentation was carried out using a triangular pyramidal Berkovich diamond 
tip at room temperature. All samples were repeatedly indented to a specified depth ≤2000 nm at a frequency of 45 Hz 
and at a constant strain rate of 0.05 s-1 before taking an average of the results. The load-displacement data collected 
were analysed using the Oliver & Pharr method.203 A Poisson’s ratio of 0.4 was used, similar to reported values of 
agZIF-62.57,169 
The Berkovich indenter was calibrated against fused silica (E = 71.2–74.8 GPa). Between each test, the tip head was 
cleaned by indenting 5 times into a sample of aluminium. Microscope to indenter calibration was performed between 
each sample. 
3.1.6 Nuclear Magnetic Resonance (NMR) Spectroscopy 
3.1.6.1 Theory 
Nuclear magnetic resonance (NMR) spectroscopy is a non-destructive technique that requires very little sample (ca. 10 
mg) and both 1H and 13C NMR are routinely used to determine the structure of a compound. This technique is typically 
performed on a dissolved sample using a deuterated solvent such as CDCl3. Since MOFs are typically insoluble, the 
disintegration of the framework for dissolution using a deuterated acid is typical; doing so allows for the structural 
confirmation, and determination of the relative concentration, of organic ligands within a MOF system. 
NMR relies on the presence of nuclear “spin” momentum direction, I, and spin angular momentum, S, specific to isotopes 
with specific combinations of protons and neutrons. NMR applies an intense magnetic field in which nuclei with non-zero 
values of I may be excited and measured (Table 4). Spin states are degenerate in the absence of a magnetic field and split 
in accordance with their alignment with the magnetic field, such that spins that oppose the magnetic field are destabilised 
and higher in energy. The number of accessible states in each isotope is governed by the angular momentum. The energy 
of the transition is governed by the nuclide specific, gyromagnetic constant, γ and the magnetic field strength, B0. The 
gyromagnetic constant itself is a measure of how strongly a nucleus is affected by a magnetic field and is intrinsic to the 
nucleus, where, for example 14N < 15N < 2H < 13C < 31P < 19F < 1H.207  
Since 1H is often present in organic molecules and possesses a nonzero spin angular momentum, proton NMR is often 
employed for structural determination. However, the presence of an NMR active atom does not translate directly to a 
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clear NMR signal. For example, recording 13C NMR spectra for the same time as 1H NMR spectra will yield poorer quality 
results because of the relative abundances of the two isotopes in the sample. Hydrogen is observed to be 99.98% 
abundant in the 1H isotope, with 0.02% abundance from 2H and trace amounts of 3H, whereas carbon is observed to be 
98.9% abundant in the 12C isotope and only 1.1% 13C (and trace amounts of 14C). Since 1H is almost 91 times as abundant 
in hydrogen as 13C is in carbon, the signal received in 1H NMR spectrum is clearer and requires fewer pulse sequences, 
and by extension, less time to acquire spectra with acceptable signal to noise ratios.207 
Table 4: Angular momentum of a range of 
nuclides. Reproduced from reference 207. 
Nuclide I 
12C, 16O, 18O, 28Si, 32S 0 
1H, 13C, 15N, 19F, 31P, 29Si 1/2 
2H, 6Li, 14N 1 
7Li, 11B, 23Na, 35Cl, 37Cl, 33S 3/2 
58Co 2 
17O, 27Al, 55Mn, 127I 5/2 
10B 3 
45Sc, 51V, 59Co, 133Cs 7/2 
 
To acquire the signal, highly precise radiofrequency (RF) emitters slowly vary an emitted frequency and when the 
resonance conditions are met, the nucleus absorbs the RF energy and is excited to a higher energy state; this absorption 
is then detected, and the decay of the signal is recorded. The precise chemical shift of a species is dependent on a 
phenomenon known as shielding. The electron cloud surrounding the nucleus shields the nucleus from the applied 
magnetic field proportional to the applied magnetic field and may be distorted and reshaped by the bonded and 
neighbouring atoms. For example, bonding to atoms with higher electronegativity will draw electron density away from 
the nucleus, reducing the shielding effects of the electron cloud and increasing the chemical shift of the signal; this is 
known as a downfield shift.207 
There are typical chemical shift ranges for various types of nuclear environments, such as alkanes, alkenes, carboxylic 
acids, and benzene rings, but to assign the recorded spectrum correctly, knowledge of chemical composition and likely 
configurations may be required. To further distinguish between nuclei in this experiment, surrounding atoms with a non-
zero spin angular momentum up to ca. 5 bonds away may couple with the nucleus and predictably split the chemical 
shift. This unique information regarding the manner of this splitting details the type, number, and relative angle of 
neighbouring nuclei. Importantly, in NMR the signal obtained for each nucleus is directly proportional to the number of 
atoms producing the signal. Therefore, the integration of different signals will give relative quantities of each chemically 
equivalent nucleus.207 
By centring the experiment on a single frequency and sequentially varying the relaxation times in the experiment, a two-
dimensional experiment may be obtained in an experiment known as correlation spectroscopy (COSY). During this 
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experiment, the magnetisation of coupled protons is mixed, and the resultant spectra indicate which protons are coupled 
by showing a change in the recorded intensity at the cross-section of the proton chemical shifts on a contour plot.207 
3.1.6.2 Magic Angle Spinning 
The recorded chemical shift depends on the spin's alignment with the applied magnetic field (chemical shift anisotropy) 
and dipole-dipole interactions. In the liquid state, the free movement of molecules averages these two variables to zero, 
providing a single clear environment. In contrast, specimens in the solid-state are constrained in their orientation, 
presenting a wide range of chemical shifts, often too obscured to characterise. It is for this reason that the liquid state is 
often the preferred method of characterisation.  
 
Figure 47: Diagram of the magic angle spinning (MAS) setup. Reproduced from reference 208. 
However, by spinning the sample at incredibly high frequencies (reaching 150 kHz)209 at an angle where the angular 
dependence of the dipole moment to the applied magnetic field, B0, is zero (3Cos2θm - 1 = 0; ca. 54.74°), this produces 
much higher resolution spectra for solid-state materials (Figure 47).207 This process is called magic angle spinning (MAS) 
and allows for the characterisation of insoluble solids and larger specimens such as proteins and MOFs without the need 
for acid digestion. 
3.1.6.3 Experimental 
Chapter 4 Solid-state NMR 
The solid-state nuclear magnetic resonance (NMR) experiments were performed on a 600 MHz Varian NMR system 
equipped with a 1.6 mm HXY MAS probe. All samples were spun at magic-angle spinning (MAS) rate of 40 kHz. Larmour 
frequencies for 1H and 13C were 599.47 and 150.74 MHz, respectively. The frequency axes of the recorded spectra were 
calibrated against the resonance frequencies of tetramethylsilane. 1H MAS NMR spectra were collected using a Hahn-
echo pulse sequence with the 90° pulse width of 1.5 μs and echo delay of a single rotation period. 16 scans were 
accumulated with the repetition delay of 5 s. 1H-13C cross-polarisation (CP) MAS NMR spectra were recorded by first 
exciting protons and transferring polarisation to carbon nuclei using the amplitude-ramped CP block with a duration of 4 




2D 1H-1H double-quantum single-quantum (DQ-SQ) homonuclear-correlation NMR spectrum was obtained by employing 
the back-to-back recoupling sequence (BABA).212 One BABA cycle was used for double-quantum coherence excitation and 
one for reconversion. A delay of 25 µs was added prior to the 90° read-out pulse of 1.65 µs. The spectral width in the 
indirect dimension was 40 kHz, and 150 slices were accumulated along the indirect dimension with 32 transients each. 
1H-detected 2D proton spin-diffusion (PSD) spectra were measured for spin-diffusion mixing times ranging between 1 
and 1000 ms. Each measurement consisted of 160 increments along T1 with 128 scans per increment and a repetition 
delay of 0.5 s. T2 filter was added at the end of the PSD pulse sequence to suppress broad peaks in the direct dimension. 
Delays before and after the 180°-pulse both lasted 2 ms. 13C-detected 2D PSD spectra were measured for spin-diffusion 
mixing times of 0 and 10 ms. Before the 13C acquisition, the polarisation was transferred between protons and carbons 
by utilising 1 ms CP block.213 In this experiment, 10 increments were taken with 4096 transients each and a repetition 
delay of 0.5 s. 
In 1D 27Al-1H PSD experiment, only the protons in close vicinity of aluminium nuclei (e.g., the protons of MIL-53) were 
polarised using 27Al-1H CP block of 1 ms after the selective 27Al excitation pulse of 20 μs; 100,000 scans were recorded 
with a recycling delay of 0.1 s. Spin-diffusion mixing times ranged between 0 and 500 ms.  
Chapter 5 Liquid-state NMR 
Measurements were carried out by the NMR Service in The Department of Chemistry, University of Cambridge. Data were 
recorded on a Bruker 500 MHz DCH Cryoprobe Spectrometer. Samples were prepared for NMR by digesting ca. 50 mg of 
each sample in 0.7 mL of a premixed solution of d6-dimethyl sulfoxide (3.5 mL) and deuterium chloride (1.4 mL), sonicating 
for 5 minutes and allowing 24 hours for the MOFs to dissolve. 
3.1.7 Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis (TGA) is a thermal characterisation technique used to analyse mass-loss events such as 
sample decomposition. In this technique, a sample is accurately weighed on a stage before being transferred to a furnace. 
In this furnace, the sample may be exposed to air or protecting gases such as N2 or Ar at a known flow rate. The sample 
is then heated, and the weight of the sample monitored as a function of temperature.  
TGA is a routine characterisation method for MOFs, as analysis of a full TGA scan provides information regarding the 
relative masses of the MOF and its potential impurities (Figure 48). Such impurities may be excess synthesis material, 
such as solvent and unreacted linker, which decompose or evaporate from the MOF during TGA. The absence of any 
mass-loss events that are not assignable to the pure MOF typically indicates successful framework activation. This 
technique may also be used to calculate the framework composition to determine the metal-linker ratio.215 However, this 





Figure 48: Thermogravimetric analysis of a metal–organic framework before and after activation. Unreacted linker in the as-
synthesised sample accounts for ~40 wt% of the structure, expelled from 100–200 °C. Upon activation, this is reduced to ~ 30 wt%. 
Reproduced from reference 214. 
3.1.7.1 Experimental 
Chapter 4 TGA Measurements 
Thermogravimetric analysis and DSC analysis were conducted using a TA instrument SDT Q600. The MOF powder samples 
were placed in a ceramic crucible situated on a sample holder and then heated at 10 °C min-1 to above the melting 
temperature of ZIF-62 under an Ar environment. For the two-cycle TGA/DSC scans, after the first upscan, the sample was 
cooled back to 30 °C at 10 °C min-1 under an Ar environment, and then ramped up to the targeted temperature at the 
rate of 10 °C min-1 for the second upscan. 
Chapter 6 TGA Measurements 
Thermogravimetric analysis was performed using a TA Q500 TGA. All scans were heated at 10 °C min-1 with a nitrogen 
protective gas and allowed to cool to RT in air. 
3.1.8 Differential Scanning Calorimetry (DSC) 
3.1.8.1 Theory 
DSC is a programmable technique that measures the heat flow in to and out of a sample in relation to a reference sample; 
this reference is typically an empty crucible. In this experiment, the sample and reference are placed onto thermoelectric 
disks surrounded by a furnace and heated at a linear heating rate. Temperature differences between the sample and 
reference crucibles, ∆𝑇, are a product of the different heat capacities (Cp). The attached thermocouples measure this 
difference to determine the heat flow, q, by accounting for the resistance of the thermoelectric disks, R as Equation 27.216 
 𝑞 =  
∆𝑇
𝑅
 Equation 27. 
Typically, the temperatures of the sample and reference cells are raised identically over time (Figure 49a). The difference 
in the energy required to heat the sample with respect to the reference represents the heat absorbed and released from 
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the sample during respective endothermic and exothermic processes. Calibrations of the standard eliminate effects from 
the sample container. The area under the peak corresponds to the energy absorbed or released from the material to 
undergo that transition (Figure 49b). This technique is critical for determining exothermic and endothermic processes 
which occur without mass loss, such as melting or recrystallisation.216 
  
 
Figure 49: Differential scanning calorimetry analysis. a. a typical setup of a differential scanning calorimeter. Reproduced from 
reference 217. b. An example thermogram where transition labels indicate the centre of the peak in this diagram. Reproduced from 
reference 218. 
3.1.8.2 Experimental 
Chapter 4 DSC Measurements 
DSC analysis was performed simultaneously with TGA analysis using a TA instrument STD Q600, see Section 3.1.7.1. 
3.1.9 Porosimetry 
3.1.9.1 Gas Sorption 
Gas adsorption is a widely used technique measuring material properties such as specific surface area, pore sizes, 
effective gas storage volumes, adsorption enthalpy, and selectivity between gases.2,219,220 The experiment measures the 
physisorption of gaseous molecules to the surface of a material by dosing the container with a known volume of gas and 
measuring the pressure difference. A standard isotherm is measured as a graph of adsorbed volume, Va, as the ordinate 
against an abscissa of P/P0. The shape of the resulting isotherm may be indicative of structural characteristics.  
There are 6 identified and designated isotherm types, denoted in Roman numerals (Figure 50); Type I - microporous 
materials; Type II – non-porous/macroporous (> 500 Å) materials; Type III & V – porous materials where adsorbent 
interaction is greater than adhesive adsorbate – adsorbent forces; Type IV– Mesoporous (> 20 Å) materials; Type VI – 
staged multilayer adsorption of typically non-porous materials.221,222 Type IV isotherms are particularly common in MOFs 
due to their mesoporous nature; a type IV isotherm shape can be explained in three steps, (i) Initial fast uptake of 
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adsorbate filling the micropores of the structure in decreasing pore volume order, (ii) flattening off of uptake due to 
surface saturation, (iii) bulk condensation of adsorbate gas forming a liquid on the surface of the material. 
 
Figure 50:  Diagrams of the six isotherms typical of a range of materials. The shape of a recorded isotherm may be compared to these 
isotherm types to indicate the type of porous material and the adsorbant-adsorbate interactions present. Reproduced from reference 
223. 
Computational approaches to calculate the ideal geometrical surface area of microporous MOFs displayed close 
agreement to the experimental values.224 Furthermore, N2 (77 K) has long been the standard analyte gas employed to 
determine the BET surface area; however, for porous materials that exhibit polar heterogenous surfaces, Ar (87 K)—
whilst expensive—is recommended for its absence of a quadrupolar moment.225 
The Brunauer-Emmett-Teller (BET) method is a theory published in 1938, as an extension of the monolayer adsorption 
work presented by I. Langmuir, which takes into consideration multilayer adsorption.226 Calculation of the BET specific 
surface area is a routine measurement that yields an accurate approximation of the specific surface area. The resultant 
value should not be considered the true value, but as an apparent surface area, since several approximations are made: 
1. A material has a set, finite number of vacant adsorption sites, filled uniformly; 
2. Layers adsorbed beyond the initial layer behave as liquids; 
3. The number of adsorbed layers is arbitrary, and the multilayer has infinite thickness at saturation; 
4. The surface of the sample is energetically homogenous; all sites have identical heats of adsorption; 
5. Adsorbed layers do not interact and 
6. The heat of adsorption and condensation are identical for layers above the first. 
Analysis of the surface area of a material is performed as a function of vapour pressure and can be expressed in Equation 
28. where, P is the partial vapour pressure of adsorbate at analysis temperature (Pa); P0 is the saturated pressure of 
adsorbate gas (Pa); Va is the volume of gas adsorbed at pressure, P (ml); Vm is the volume of gas required to produce a 
















 Equation 28. 
 
Figure 51: Determination of BET surface area. Regression analysis of 1/[Va((P0/P) – 1)] against P/P0 and extrapolation to determine 
the intercept yields information on both variables Vm and C. 
Plotting 1/[Va((P0/P) – 1)] against P/P0, yields a graph with a slope of C – 1/VmC and an intercept of 1/VmC where the values 
of Vm and C may be determined by a regression plot. Using the calculated Vm value, and assuming close packing 
physisorption, the surface area can be calculated by using the area occupied by a single molecule of the analyte gas.227,228 
Using this information the total surface area, Stotal, and resultant specific surface area, SBET, can be expressed in Equation 
30. 
 𝑆 =  
𝑉 𝑁 𝑠
𝑉
 Equation 29. 
 𝑆 =  
𝑆
𝑎
 Equation 30. 
Where NA is Avogadro’s constant, s is the adsorption cross-section (specific to the gas molecule), V is the molar volume 
of the gas, and a is the sample mass. Rouquerol et al.2,229 recommend that in processing these values, the porosimetry 
data must fulfil four criteria, the last two known as the “consistency criteria”, and are laid out below to apply this theory 
to microporous solids such as MOFs:  
1. The quantity C should be positive (i.e. any negative intercept on the ordinate of the BET plot is an indication that 
one is outside the valid range of the BET equation);  
2. The application of the BET equation should be limited to the pressure range where the term Va(P0 – P) or 
alternatively Va(P/P0 – 1) continuously increases with P/P0; all data points above the maximum in the plot should 
be discarded; 
3. The pressure range corresponding to Vm should be within the pressure range selected for the calculation and 
4. The calculated value of Va(P/P0), i.e. 1/(√𝐶 + 1), should not differ, say, by more than 10%, from the value of 
P/P0 corresponding to the BET Vm value obtained by application of Equation 28. Otherwise, it is necessary to 
change the chosen range of relative pressures. 
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In doing so, resultant BET values are both standardised and physically meaningful, providing the best comparison of 
reported values. 
The gas sorption isotherms can be further processed to extract predicted pore size distribution function (PSDF) through 
a number of theoretical models. One of the most prominent classical models is the 1951 Barrett-Joyner-Halenda (BJH) 
method. The “classical” models of PSDF calculations rely on the Kelvin equation, which relates the pressure to the radius 
of curvature of a liquid meniscus. The Kelvin equation is valid for materials in the mesopore range but begins to break 
down when applied to microporous materials such as MOFs.230 
 
Figure 52: Slab and cylindrical geometries used to model the pore size distribution of porous materials. Adapted from reference 231.  
In response, G. Horváth and K. Kawazoe introduced a model in 1983 based on density functional theory (DFT), which 
considers factors such as the direct interaction of adsorbate with the adsorbent surface and the micropore filling process. 
In this model, samples are treated as slabs with infinitely extending graphitic planes separated by a fixed distance (Figure 
52a).232 This model was further developed by A. Saito and H. C. Foley in 1991 to incorporate a cylindrical geometry to 
represent microporous systems such as zeolites better (Figure 52b).231 In this model, it was assumed that: 
1. The pore is a perfect cylinder of infinite length but finite radius, rp; 
2. The inside wall of the cylinder is a single layer of atoms, oxide ions in the case of a zeolite, which is taken as a continuum 
of potential interaction. The interaction with the pore wall is taken to be due only to the dispersion forces; 
3. Adsorption occurs only on the inside wall of a cylinder in the micropore region, and 
4. The interaction of adsorption is taken to be due only to that between the adsorbate and the adsorbent, with the latter 
considered to be the oxide ion of the zeolite. 
Comparison of the theoretical models using gas sorption data of a zeolite with known aperture size indicated that the 
cylindrical model provided the best fit, accurate to ±0.005 nm in this sample. This model is expressed in Equation 31 
where NAV is Avogadro’s number, R is the molar gas constant, NA is the specific density of adsorbant, NE is the specific 
density of adsorbent, AA-A and AE-A are dispersion constants, do is the arithmetic mean of diameters of adsorbate and 
 
67 
adsorbent, K is the coefficient (Equation 32.), n is the order of the dispersion term, m is the order of the repulsion term, 









































 Equation 32. 
 𝜶𝒌 =
𝜞(−𝟒. 𝟓)
𝜞(−𝟒. 𝟓 − 𝒌)𝜞(𝒌 + 𝟏)
 Equation 33. 
 𝜷𝒌 =
𝜞(−𝟏. 𝟓)
𝜞(−𝟏. 𝟓 − 𝒌)𝜞(𝒌 + 𝟏)
 Equation 34. 
 
3.1.9.2 Experimental 
All pycnometric measurements were conducted with a Micromeritics Accupyc 1340 helium pycnometer. The typical mass 
used for each test was around 100 mg, and the reported value was the mean and standard deviation from a cycle of 10 
measurements. 
Chapter 4 Gas Sorption Measurement  
CO2 (273 K, ice water bath) and N2 (77K, liquid N2) adsorption measurements were performed using a Micromeritics ASAP 
2020 instrument with around 50 mg for N2 measurements. All samples were degassed at 200 °C overnight before 
transferring to the analysis port. Sample masses were remeasured post-degas activation. 
The argon physisorption experiments were carried out at 87 K on a BEL max apparatus (Microtrac BEL) coupled with a 
helium cryostat. After weighing (approx. 100 mg), the samples were outgassed to 200 °C for 10 h prior to temperature 
equilibration for the experiments at 87 K. A stepwise introduction of gas (argon purity 99.9999%) was employed. Helium 
was used for dead space calibration after the argon adsorption measurement. The micropore size distribution was 
calculated using the Horwath-Kawazoe method232 via the Saito-Foley approach.231  
High-pressure CO2 adsorption at 303 K was carried out on a Rubotherm electromagnetic balance set-up (Rubotherm 
gmbh). After weighing (approx. 200 mg), the samples were outgassed to 200 °C for 16 h prior to temperature equilibration 
for the experiments at 303 K. A stepwise introduction of gas (CO2 purity 99.998%) was employed. Helium was used to 
correct for buoyancy effects prior to the CO2 adsorption measurements.  
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Water adsorption was carried out on a Hiden balance set-up (Hiden) at 298 K. After weighing (approx. 30 mg), the samples 
were outgassed to 200 °C for 16 h prior to equilibration at the set temperature of the experiments at 298 K. A carrier gas 
of nitrogen was used in which the relative water humidity was controlled between 2 and 98% in stepwise increments. 
Chapter 5 Gas Sorption Measurements 
Measurements here were performed using a Micromeritics ASAP 2020 instrument with no less than 20 mg of sample in 
an identical manner to those performed in Chapter 4. 
Chapter 6 Gas Sorption Measurements 
Samples were degassed overnight at the specified temperature for 12 hrs on before transferring to the analysis port of a 
Quantachrome iQ2 instrument. Sample weight was measured post-degas activation. Sample temperature was accurately 
equilibrated at 273 K and 293 K with a temperature-controlled water bath and at 77 K with liquid N2. Gas adsorption 
measurements were performed using ultra-high purity (99.99%) gases. 
3.1.10 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy (SEM) is a technique that can be used to image samples at a much greater magnification 
than capable with optical microscopes. SEM uses an electron gun that emits a concentrated electron beam down a 
column under high vacuum. The high-energy electron beam is then manipulated through a series of condenser lenses 
and apertures to achieve a desired irradiation spot size before reaching the mounted sample. SEM produces images by 
rastering the sample with this electron beam and recording spatially resolved data, the resolution of which is determined 
by the spot size, down to an approximate limit of ca. 1 nm.233  
 
Figure 53: An illustration of a typical scanning electron microscope apparatus. Adjustment of each component provides a different 
form of control of the irradiating electron beam. Reproduced from reference 234. 
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The multitude of different interactions of electrons with matter gives rise to several possible analytical techniques, such 
as the analysis of—in order of their surface penetration depth—cathodoluminescence, Auger electrons, secondary 
electrons, elastically and inelastically backscattered electrons, characteristic X-rays, continuum X-rays, and fluorescent X-
rays. However, typical SEM apparatus is limited to the recording of backscattered and secondary particles/photons. A 
significant issue with using this technique on non-conductive samples is sample charging; when no path exists for 
irradiating electrons to flow to earth, the sample becomes charged and repels incoming electrons; this typically results in 
image distortion. To avoid this, samples are typically finely coated in a highly conductive material such as chromium, gold, 
or palladium using a sputter coater. 
3.1.10.1 Experimental 
Chapter 4 SEM Measurements 
The surface morphologies of the glass composite samples were investigated using a high-resolution scanning electron 
microscope, FEI Nova Nano SEM 450. All samples were dried at 30 °C followed by chromium coating prior to imaging. 
Chapter 6 SEM Measurements 
SEM was performed using a Thermo ScientificTM Phenom ProX scanning electron microscope. Powder and monolithic 
samples were prepared for SEM by securing to aluminium SEM pin stubs using carbon tape. Samples were coated in gold 
using an Emtech K575 sputter coater. 
3.1.11 Scanning Transmission Electron Microscopy (STEM) 
Scanning transmission electron microscopy (STEM) is distinct from SEM due to the transmission of the electron beam 
through the sample and the detector located underneath. To facilitate this, samples are spread over a grid to maximise 
signal detection whilst minimising sample exposure. Modern instruments may typically form a probe with a size in the 
range 0.1–10 nm, enabling nanoscale variations to be mapped. The analytical signal may be recorded at each probe 
position to reveal local variations in, for example, atomic structure and composition. The simultaneous detection of 
multiple signals, including annular dark-field imaging, scanning electron diffraction (SED), energy-dispersive X-ray 
spectroscopy (EDS), and electron energy-loss spectroscopy (EELS), provides the multivariant characterisation of chemical 
composition and crystallinity mapping of nm-sized crystals.235 
3.1.11.1 Scanning Electron Diffraction (SED) 
SED involves the acquisition of a two-dimensional electron diffraction pattern at every position as a narrow electron 
probe is scanned across the specimen. When the electron probe is positioned on a crystalline region of material, strong 
diffraction to Bragg reflections will typically be observed, whereas when the electron probe is positioned on non-
crystalline material, no sharp Bragg reflections will be measured. Determining probe positions at which sharp diffraction 
peaks are recorded provides a way to observe crystalline and non-crystalline regions directly.236 This was achieved by 
finding diffraction peaks in every measured diffraction pattern using a difference of Gaussians method, which involves 
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subtracting a blurred version of the diffraction pattern from a less blurred version of the diffraction pattern, as 
implemented in the pyXem library. 
3.1.11.2 Energy-Dispersive X-ray Spectroscopy (EDS) Imaging 
One such specialised technique is energy-dispersive X-ray spectroscopy (EDS) which detects the emission of characteristic 
X-rays for fingerprint elemental analysis (Figure 54a). In this method, a focused electron beam ionises the sample, 
generating unstable electron vacancies. Electrons from higher energy states relax to fill this hole, and as a result, the 
difference in energies of the two states is released from the sample in the form of an X-ray photon. The energy of the 
emitted X-ray is dependent on the electronic and vibrational energy states that the electron was knocked from, and those 
states from which the relaxing electron originated.237  
EDS uses the Siegbahn notation238 of the Lyman, Balmer, Paschen, Brackett etc. spectral series of the hydrogen atom 
(Figure 54b). Here, the lowest energy shell is denoted as K, followed sequentially by the L, M, N etc. shells, the transitions 
from the closest higher energy shell is denoted as the α transition, followed by the β transition from the second closest 
higher energy shell, such that all transitions to the K shell are named Kα, Kβ, Kγ etc. and those to the L shell are named Lα, 
Lβ, Lγ etc. Since the K shell is located closest to the nucleus, it does not experience the shielding of higher state shells. As 
such, it has the highest ionisation energy, causing the K series to display the highest energy signals. The probe is scanned 
across a selected area of the sample generating an EDS pattern for each image pixel. This EDS pattern measures the 
intensity against the energy of the detected X-rays wherein the assignment of known, strong, and non-overlapping 
element-specific transitions may be performed. This shows local changes in element presence and abundances directly 
proportional to the number of atoms per unit volume of the elements.239 
 
Figure 54: Schematic of STEM processing and spectral series. a. Schematic of the SED data acquisition and processing, reproduced 
from reference 240, and b. illustration of the hydrogen spectral series, reproduced from reference 241. 
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3.1.11.3 Electron Energy-Loss Spectroscopy (EELS) 
Electron energy-loss spectrometry (EELS) is a technique that measures the kinetic energy of the transmitted scattered 
electrons. There may be several modes of electron-energy loss within a system, such as Bragg scattering, radiation 
damage, phonon excitation (macroscale molecular motions), plasmon excitation (oscillatory sample electron 
displacement caused by the Coloumb repulsion of sample electrons by the fast-moving electron radiation forming a 
plasmon wake), and core-electron excitation, each of which display measurable, characteristic electron energy losses. 
Analysis of the energy loss profile may be performed to determine properties such as elemental composition, elemental 
oxidation state, core-loss/near-edge fine structure, material thickness and electronic properties of semiconductors and 
insulators.242 
3.1.11.4 Experimental 
Chapter 4 STEM Analysis 
Scanning electron diffraction (SED) was performed using a JEOL ARM300F at the Diamond Light Source, U.K., fitted with 
a high-resolution pole piece, cold field emitter, and JEOL spherical aberration correctors in both the probe forming and 
image forming optics. The instrument was operated at 200 kV and aligned in a nanobeam configuration using the 
corrector transfer lenses and a 10 µm condenser aperture to obtain a convergence semi-angle of ~1.6 mrad and a 
diffraction-limited probe diameter ~1.6 nm. Data were acquired with a scan step size of ~4 nm and a camera length of 15 
cm. The probe current was ~14 pA. A Merlin-medipix direct electron detector,243,244 which is a counting type detector, 
was used to record the electron diffraction pattern at each probe position with an exposure time of 0.5 ms per probe 
position leading to a total electron fluence of ~200 eÅ−2 based on the probe current, exposure time, and assuming a disk-
like probe of the diameter above. SED was acquired over a raster pattern comprising 256 × 256 probe positions, and each 
diffraction pattern comprised 256 × 256 pixels. X-ray EDS maps were acquired from the same regions, following SED 
acquisition, using a larger probe current, obtained using a 150 μm condenser aperture in order to generate sufficient X-
ray counts. SED experiments were later performed with the following parameters: a convergence semi-angle of ~0.3 
mrad; a diffraction-limited probe size of diameter ~5 nm; a probe current of ~6 pA, and an exposure time of 1 ms per 
probe position. 
STEM, EDS, EELS and tomography were performed using an FEI Osiris microscope (Thermo Fisher Scientific) equipped 
with a high-brightness X-FEG electron source and operated at 80 kV. The beam convergence semi-angle was set to 11.0 
mrad. For EELS, the collection semi-angle was estimated as 40.8 mrad. EDS was acquired using a Super-X EDS detector 
system with four detectors mounted symmetrically about the optic axis of the microscope. For STEM-EDS tomography, 
EDS spectrum images were acquired over a tilt-series from −65° to 75° in 10° increments using a Fischione tomography 
holder, with a probe current estimated at <450 pA. Pixel dwell times were increased at high tilt due to a large number of 
copper counts at increasing tilt-angle. 
Chapter 5 STEM Analysis 
Analysis was performed in an identical manner to those in Chapter 4 with slight adjustments of: convergence semi-angle 
of ~0.8 mrad and a diffraction-limited probe diameter <5 nm. Data were acquired with a scan step size of ~5.2 nm and a 
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camera length of 20 cm. The probe current was ~2 pA. each probe position was exposed for 1 ms per probe position, 
leading to a total electron fluence of ∼5 eÅ−2. 
Data Processing 
SED data were processed using the open-source pyXem Python library to find diffraction peaks in every measured 
diffraction pattern using a difference of Gaussians method, which involves subtracting a blurred version of the diffraction 
pattern from a less blurred version of the diffraction pattern.  
Data were processed using Hyperspy245, an open-source software coded in Python. Maps of each X-ray emission line of 
interest (Zr Lα, Al Kα, Zn Kα) were first extracted by integrating in an energy window, background-subtracted by linear 
interpolation from adjacent regions of the spectrum without other X-ray peaks present. Map intensities were then re-
normalised such that the total intensity of each element was constant throughout the tilt-series, a valid assumption for 
particles where the mass of the element in the field of view is constant throughout the tilt-series. The re-normalised maps 
were then aligned by centre-of-mass, and the tilt-axis was adjusted using Scikit-Image, an open-source image processing 
software coded in Python, by applying shifts and rotations to minimise artefacts in back-projection reconstructions. A 
compressed sensing reconstruction algorithm coded in MATLAB (Mathworks) was used to perform independent 
reconstructions of the metal-centre spatial distributions. This compressed sensing tomography implementation used 
three-dimensional total generalised variation246 regularisation in conjunction with a real-space projector from the Astra 
toolbox247 and using the primal-dual hybrid gradient method248 to solve the reconstruction problem. Reconstructions 
were visualised in Avizo (Thermo Fisher Scientific) software without any further image processing. Visualisations are 
presented as volume renderings where each volume element is assigned a colour and relative solid appearance based on 
the intensity at the corresponding volume elements of the reconstruction. Visualisations for each independent element 
reconstruction were superimposed in the final visualisations, and a selection of cuts through the volume were used to 
examine sub-surface features. 
3.1.12 Thermomechanical Analysis (TMA) 
Thermomechanical analysis (TMA) is a one-dimensional measurement, defined by the International Confederation for 
Thermal Analysis and Calorimetry (ICTAC) as “A technique where the deformation of the sample is measured under 
constant load”.249 In a typical experiment, a sample is placed on a stage, and a rod is placed atom the sample. A specified 
load is then applied to the rod, providing a known force to the sample. A furnace is lowered over the sample with a 
proximal thermocouple for accurate temperature readings (Figure 55a). Programmable heating and cooling sequences 
are then specified, controlling such parameters as the heating rate, end temperatures, isothermal regions. During the 
experiment, any change in the height of the rod as a result of the material expansion is measured through a highly precise 
linear variable displacement transducer (LVDT).250 By changing the tip shape of the push rod, different thermomechanical 
properties may be probed; a flat end is typically used for expansion or compression properties, where finer tips may be 
used to study penetration or flexure properties (Figure 55b).  
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Characteristic features of the material, such as the glass transition temperature, Tg, melting temperature Tm, and the 
softening temperature, Ts, may be extracted from the recorded change in the specimen length (Figure 55c). The softening 
point is the temperature at which the material passes an arbitrary softness, defined as the intersection of the 
extrapolated regions either side of the transition.250 From a region of linear expansion, the coefficient of thermal 
expansion, 𝛼, may be extracted from the initial length, L0, and the gradient of the expansion. 
 
Figure 55: The typical setup, rod tips, and data from thermogravimetric analysis. a. Schematic of a typical setup for thermomechanical 
analysis displaying a push rod atop a sample specimen within a furnace. b. A selection of push rod tip shapes and their uses, and c. 
typical data from a polymer sample detailing the glass transition and softening temperatures. Reproduced from reference 250. 





 Equation 35. 
3.1.12.1 Experimental 
Data were taken on a small portion (ca. 1 mm × 1 mm) of each of the as-synthesised composite monolith materials on a 
TA Instruments Q400 thermomechanical materials analyzer (TMA). The experiment was performed with a force of 0.05 
N and protected by N2 gas. 
3.2 Material Preparation 
3.2.1 Synthesis of Metal–Organic Frameworks 
IRMOF-8 A sample of IRMOF-8 [Zn4O(ndc)3; ndc = 2,6-naphthalenedicarboxylate, C12H6O42-] was obtained from Mark 
Allendorf (Sandia National Laboratories, United States) which displayed thermal stability under Ar to 450 °C and matched 
the predicted pattern generated from the .cif file in the literature confirming structural properties. 
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MIL-53 Aluminium nitrate nonahydrate (26 g, 69.3 mmol) and terephthalic acid (5.76 g, 49.6 mmol) were dissolved in 
water (100 ml) and placed into a Teflon-lined autoclave and placed in an oven at 220 °C for 72 hours. The resulting powder 
was washed with deionised water (3 x 30 ml) and dried in a vacuum oven at 150 °C for 24 hours. 
MOF-5 Terephthalic acid (5.065 g, 30.5 mmol) and trimethylamine (8.5 mL) were dissolved in DMF (400mL). Zinc acetate 
dihydrate (16.99 g, 77.4 mmol) was dissolved in DMF (500 mL). The zinc salt solution was added to the organic solution 
with stirring over 15 minutes, forming a white precipitate and the mixture was stirred for a further 2.5 hrs. The precipitate 
was filtered and immersed in N,N-dimethylformamide (DMF, 250 mL) overnight. It was then filtered again and immersed 
in chloroform (350 mL). The solvent was exchanged 3 times over 7 days (after the second, third and seventh day). The 
bulk of the solvent was decanted and the product was evacuated overnight under vacuum and then heated under vacuum 
for 6 hrs. 
ZIF-4 Zinc nitrate hexahydrate (1.2 g, 4.03 mmol) and imidazole (0.9 g, 13.2 mmol) were dissolved in DMF (DMF, 90 mL) 
and transferred to a 100 mL screw-top jar and heated to 100 °C for 72 hrs. Product was allowed to cool to room 
temperature and crystals were separated by vacuum-assisted filtration and washed with DMF (3 x 30 mL). Crystals were 
activated by washing with dichloromethane (DCM, 3 x 30 mL) and dried under vacuum at 130 °C for 16 hrs using a vacuum 
oven. 
ZIF-62 Zinc nitrate hexahydrate (1.65 g, 5.54 mmol) and imidazole (8.91 g, 130 mmol) were added to a 200mL screw-top 
jar, dissolved in DMF (75 mL) and stirred for 1 hr. Once complete dissolution was achieved, benzimidazole (1.55 g, 13.1 
mmol) was added heated to 130 °C for 48 hrs. Product was allowed to cool to room temperature and crystals were 
separated by vacuum assisted filtration and washed with DMF (40 mL) and DCM (40 mL) before being dried in the oven 
at 60 °C overnight. 
MIL-120 Aluminium nitrate nonahydrate (1.44 g, 6.76 mmol), 1,2,4,5-benzenetetracarboxylic acid (0.225 g, 0.885 mmol), 
sodium hydroxide (4 M, 1.53 mL), and water (9 mL) were added to a Teflon lined autoclave and placed in a 210 °C 
preheated oven and held for 24 hrs. The resulting white powder was filtered and washed with water (40 mL) before being 
transferred to a 100 ml round-bottom flask with water (60 mL) and refluxed at 100 °C for 10 hrs. The product was 
centrifuged (2500 rpm, 15 mins) and dried in the over at 70 °C overnight. 
MIL-126 Scandium nitrate hydrate (85 mg, 0.368 mmol), biphenyl-4,4’-dicarboxylic acid (68 mg, 0.281 mmol), DMF (6.25 
mL), conc. hydrochloric acid (37%, 25 µL) were added to a 25 mL screw-top jar and sonicated until dissolution (~15 mins). 
The clear solution was placed into a 120 °C preheated oven for 24 hrs. The product was transferred to a centrifuge tube 
and centrifuged (2500 rpm, 15 mins) to collect a white powder. This powder was stood in DMF (10 mL) overnight and 
centrifuged again (2500 rpm, 10 mins) and acetone exchanged three times over three days before collecting the product 
by centrifuging (2500 rpm, 5 mins), decanting the liquid and drying in a 60 °C preheated oven overnight. 
CUMOF-9 Ytterbium(III) chloride hexahydrate (1.08 g, 2.79 mmol) and water (6.13 mL) was added to a Teflon lines 
autoclave and stirred for 2 mins. 2,6-naphthalenedicarxylic acid (0.103 g, 0.476 mmol) and trimethylamine (0.111 mL) 
were added to to the solution and the mixture was stirred for a further 5 mins. The suspension was then sealed and 
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placed in 145 °C preheated oven and held for 4 hrs. The reaction vessel was allowed to cool to room temperature and 
was isolated by filtration under vacuum and washed with ethanol (30 mL) before drying ain the over at 70 °C overnight. 
MIL-118 Aluminium nitrate nonahydrate (150 mg, 0.704 mmol) and 1,2,4,5-benzenetetracarboxylic acid (50 mg, 0.197 
mmol) were added to a Teflon lined autoclave before adding water (5 mL). The autoclave was sealed and placed into a 
210 °C preheated oven for 24 hrs. The product of this was isolated by replacing the liquid with water (20 mL) and 
centrifuging (2500 rpm, 10 mins) twice. The resultant white powder was placed in a 70 °C preheated oven overnight.  
ULMOF-1 Lithium nitrate (0.345 g, 5.00 mmol), 2,6-naphthalenedicarboxylic acid (0.565 g, 2.61 mmol), ammonium 
fluoride (38 mg), and DMF (15 mL) were added to a Teflon lined autoclave and placed in a 180 °C preheated oven and 
held for 5 days. Upon cooling, the reaction mixture was transferred to a centrifuge tube and the liquid was replaced with 
ethanol (20 mL). The sample was stirred for 5 mins before centrifuging (3000 rpm, 5 mins) to collect a white powder 
which was dried in an oven at 60 °C overnight. 
3.2.2 Synthesis of Metal–Organic Framework Crystal–Glass Composites 
Chapter 4 MOF CGC Synthesis 
A fabrication process was developed for the composites in which powders of the crystalline glass former (ZIF-62) and 
crystalline MOF filler were ball-milled together for varying lengths of time. After amorphisation of the glass former 
through ball-milling for various times and frequencies, 100 mg of the mixture was compressed into a 13 mm diameter 
circular pellet under 10 tonnes of force (0.739 GPa pressure) for 1 minute. The pellet was placed between glass slides 
(Figure 56) and heated in a furnace for 10 minutes at 450 °C at a heating rate of 10 °C min-1 under an argon atmosphere. 
The resulting composite was then allowed to cool to room temperature in air. 
Chapter 5–Chapter 7 MOF CGC Synthesis 
MOF CGCs were prepared in an identical manner to those in Chapter 4 with the adjustment of heating at 20 °C min-1 to 
450 °C and holding isothermally for 15 minutes before cooling. 
 
 
Figure 56: MOF CGC sample preparation. The pelletised sample is placed between glass slides and held together using metal slides and 




Samples were ball-milled by placing ca. 100 mg of sample into a steel jar with a 7 mm stainless steel ball and shaken at 
specified frequency. General settings used are 25 Hz for 10 minutes to retain crystallinity, but specific times and 






Chapter 4 Synthesis of a Prototypical MOF 
Crystal–Glass Composite (MOF CGC) 
 
In this chapter, a variety of MOFs are studied to determine suitable candidates for both the crystalline phase and glass 
matrix for MOF CGC synthesis. The first example of a metal–organic framework crystal–glass composite is synthesised, 
and various analytical techniques are employed to study features of the composite, such as crystal integrity and domain 
proximity. A system comprising a flexible MOF, MIL-53, within an agZIF-62 matrix is found to retain crystallinity. Notably, 
the room temperature unstable, large-pore phase of MIL-53 is suspended in the MOF glass at room temperature. Due to 
this metastable state stabilisation, a 25% MIL-53 by weight (referred to as wt% herein) is observed to uptake a greater 
quantity of CO2 than the combination of its parent materials. This work is published in the following manuscripts: 
 
[1]  Hou J., Ashling C. W., Collins S. M., Krajnc A., Zhou C., Longley L., Johnstone D. N., Chater P. A., Li S., Coulet M.-
V., Llewellyn P. L., Coudert F.-X., Keen D. A., Midgley P. A., Mali G., Chen V., and Bennett T. D., Metal–organic 
framework crystal–glass composites, Nature Communications 2019, 10, 2580. 
Towards this publication, my contributions included the recording and processing of the total scattering data at Diamond 
Light Source, UK, to generate the pair distribution functions (PDF) and in the recording of the nanoindentation data. 
Furthermore, I aided in analysing the PDF, gas sorption, and NMR data before helping to write the manuscript.  
 
[2] Tuffnell T. M., Ashling C. W., Hou J., Li S., Longley L., Ríos Gómez M. L., and Bennett T. D., Novel metal–organic 
framework materials: blends, liquids, glasses and crystal–glass composites, Chem. Comm. 2019, 55, 8705. 
In this review, I contributed a section on MOF CGCs regarding the work carried out in the previous publication.251  
 
78 
4.1 Material Selection 
In the synthesis of a suspended MOF material, the primary consideration in material selection is component compatibility. 
In this work, the aim is to develop a material with a crystalline MOF embedded within a solid matrix where the selected 
application of the crystalline component is achievable whilst supported within the host matrix. In such a material, the 
practicality of the active MOF material is improved for systems ill-suited to microcrystalline powders, especially in, for 
example, gas storage systems. Therefore, component compatibility, preventing decomposition, is paramount to the 
synthesis of a workable product. 
4.1.1 Selection of a Host Matrix 
Current methods to fabricate bulk MOF materials using a host matrix have utilised polymers, silica, and porous carbons.251 
Mixed-matrix membranes have been sucessful in utilising the liquid state of polymers to encapsulate the crystalline MOF 
material through the use of a liquid “ink” state. The ability to flow permits the encapsulation of a MOF within a material 
and not be dependent on surface interactions to maintain structural integrity. Similar to these materials, the liquid state 
of a porous glass would likely permit the formation of a porous composite with greater stiffness than a MMM. A few 
selection criteria for the glass phase must be implemented to form a composite using a glass matrix: 
1. The glass-forming component must melt at a temperature at which the crystalline material remains intact. 
2. The viscosity of the melt liquid must be low enough to undergo appreciable flow to fully suffuse the crystalline 
material. 
3. The glass transition temperature of the resultant MOF CGC must be high enough for elevated composite working 
temperatures, and 
4. The host glass must be permeable to the analyte materials, unless a percolation threshold (the minimum 
permeable material required at which a substance may pass through an otherwise impermeable material via a 
network of connected permeable components) has been achieved.  
Criterion 1 precludes the use of silica-based glasses since the required temperatures far exceed the decomposition 
temperatures of even the most thermally stable of MOFs. Therefore, the glasses formed from hybrid materials are 
considered in Table 5. 
Whilst MOF glass (agMOF) research is a burgeoning topic in the field of hybrid glasses, the selection of available agMOFs 
is minimal in its nascency. Furthermore, the first known MOF glass former was discovered to melt at 593 °C (ZIF-4), which 
far exceeds the decomposition temperature of a vast majority of MOFs. However, the melting of several further MOFs 
has since been revealed, which exhibit significantly lower melting temperatures (Table 5). 
Another class of hybrid materials referred to as inorganic coordination polymers (i-CPs) (though the definition is widely 
disputed) display significantly lower melting temperatures than ZIFs. However, whilst the ability to encapsulate an 
expanded selection of MOFs is undoubtedly beneficial, this reduction in Tm is accompanied by an associated decrease in 
Tg. As such, the working temperatures at which the resultant MOF CGC may be applied is significantly reduced (Table 5). 
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Table 5: A list of known melting hybrid materials. Adapted from reference 69. 
Entry Tm [°C] Tg [°C] Glass Applications Ref 
o-CPs (organic coordination polymers)     
[M(1,2,4-triazole)2(H2PO4)2] 
(M = Zn2+, Cd2+, Cr2+, Mn2+) 
184 Zn2+ = 32 
Cd2+ = 79–90 
Cr2+ = 62 
Mn2+ = 90 
Anhydrous conductivity 156, 249–
251 
ZIF-4, Zn(Im)2 593 LDA = 316 






































Cu(isopropylimidazolate) 185 NA  255 
     
i-CPs (inorganic coordination polymers)     
[Zn(HPO4)(H2PO4)2](ImH2)2 160 30 Anhydrous H+ conductivity 159 
[Zn3(H2PO4)6(H2O)3·bimH 164 NA  159 
[Zn3(H2PO4)6(H2O)3]·H(2MebIm) 97 NA  159 
[Zn2(HPO4)2(H2PO4)(5ClbImH)2](H2PO4)(MeOH) 148 72 Gas  uptake (H2O and methanol 
vapour) and anhydrous H+ 
conductivity 
256 














(1-butyl-4-methylpyridinium)[Cu(SCN)2] 80 NA  160 
[a] Im=imidazolate, bIm=benzimidazolate, 5-ClbIm=5-chlorobenzimidazolate, 2MebIm=2-methylbenzimidazolate, C2bpy=1-
ethyl[4,4’-bipyridin]-1-ium, C4bpy=1-butyl[4,4’-bipyridin]-1-ium, Phbpy=1-phenyl[4,4’-bipyridin]-1-ium, 3-Pybpy=[3,1’:4’,4’’-
terpyridin]-1’-ium, NA=not available. [b] Tg depends on the time of the ball milling processes. [c] Gas uptake is reported for glasses 
with [Zn(Im)2-x(bIm)x], where x=0.05, 0.17, and 0.35. [d] Gas uptake is observed for [Zn(Im)1.0(5-ClbIm)1.0] and [Zn(Im)0.93(5-
mbIm)1.07]. 
 
Were it not for the relatively high temperatures required to process MOF glasses, these materials would be ideal 
candidates for several reasons: firstly, MOFs exhibit relatively high glass transition temperatures, permitting thermal 
stability to a broader range of temperatures; secondly, selected agMOFs have demonstrated permanent porosity, ideal 
for the fabrication of a porous composite; and lastly, agMOFs encompass similar chemical identities to the supported 
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crystalline MOF due to their inherent chemical similarity. The concession to the use of these materials is that the available 
selection of crystalline MOFs is significantly reduced. 
Despite their high melting temperatures, agMOFs are selected here due to their numerous material advantages. In 
response, the glass-forming MOF with the lowest Tm is selected to allow for the most extensive range of available 
crystalline MOF materials. At the time of experimentation, the lowest known melting temperature of a ZIF was ZIF-62(Co), 
with a melting temperature, Tm, of 432 °C (Table 5). However, ZIF-62(Zn) was selected for experimentation since (i) there 
is only a slight difference in the melting temperatures between the two analogues (5 °C), (ii) zinc salts are cheaper, and 
(iii) cobalt species are significantly more toxic and carry avoidable associated risks. 
4.1.2 Selection of a Crystalline Component  
The primary concern in selecting a crystalline MOF component whilst using a MOF glass matrix is thermal stability. Despite 
the tens of thousands of reported MOF structures, few are thermally stable above 437 °C (Tm of ZIF-62(Zn) – hereon 
denoted as ZIF-62) as shown in Section 2.2.2. The exact decomposition temperature of MOFs is a result of the delicate 
interplay between the metal–linker bond strengths, linker decomposition, and node stability. ZIFs are amongst the most 
stable of MOF materials due to the lack of low-temperature carboxylate functional group decomposition and strong 
metal–linker bonds. 
 For the liquid MOF to suffuse the crystalline MOF, they must be both subject to the same thermal treatment, and thus 
the Tm of the selected MOF glass former is the minimum requirement to melt the MOF glass. Decomposition of the 
crystalline component would result in a non-functional composite—or in the case of partial degradation, the introduction 
of carbonised product, discolouration, and possible macroscale crack formation in the end composite. 
Thermogravimetric analysis is, to some degree, a standardised measurement in the MOF field, especially in the discovery 
of new MOFs. However, at the time of writing, no single body of research detailing the decomposition temperatures of 
any substantial range of MOFs exists; therefore, a targeted search would not be possible. Determination of thermal 
stability from TGA is also complicated by the inconsistent use of an inert atmosphere on heating (such as nitrogen or 
argon) which suppresses oxidative decomposition, giving different thermal stabilities in each case. Furthermore, thermal 
stability during an isothermal regime is difficult to predict from a TGA carried out at a constant heating rate to 
decomposition. In this case, isothermal heating is required as sufficient time must be given to the mixture at a 
temperature above the melting point, Tm, of the glass-forming material for the glass component to flow appropriately. 
Additionally, the combination of crystalline and glass MOFs must be such that no flux melting occurs–a phenomenon 
known for ZIF materials.258 With this in mind, several relatively thermally stable frameworks have been listed in Table 6.  
MIL-53 appears to be an ideal study case due to its thermal stability, inexpensive reagents, simple solvothermal synthesis, 
and considerable porosity.121,259 Additionally, the breadth of research regarding the crystalline structure and phase 
transitions of MIL-53 may be beneficial to the characterisation of the structure. MOF decomposition has subsequently 
been explored in more detail.117 This review delineates the exact method of decomposition for a variety of frameworks 
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and establishes the relationship between the decomposition temperature and node and ligand stability in MOFs. This 
review supports ideas expressed in this section regarding the consistency of reporting MOF stabilities using TGA. 
*Conditions specified in the reference 
4.2 MIL-53 Metal–Organic Framework Crystal–Glass Composites 
With the chosen material components of MIL-53 and ZIF-62(Zn) as the first candidates for use in a composite of this 
variety, the synthesis of a composite prototype is detailed herein. The composites formed through the suspension of a 
crystalline MOF within a MOF glass matrix will be called metal–organic framework crystal–glass composites, or MOF CGCs 
for short. 
4.2.1 Material Synthesis and Characterisation 
MIL-53 and ZIF-62 were respectively hydrothermally and solvothermally synthesised according to their published 
procedures (see Section 3.2.1) and powder X-ray diffraction data were recorded of the resulting white crystalline powders 
(Figure 57). A small sample holder was used in these experiments, and an imperfect instrumental beam setup can be 
seen here in the elevated baseline at low angles. ZIF-62 matched well with the simulated crystalline pattern, and the 
MIL-53 powder pattern matched with the large-pore as-synthesised MIL-53 structure (MIL-53-as). However, extra peaks 
are present in both PXRD profiles, at ca. 8° and 12° 2θ in Figure 57a and again at ca. 14° and 22° 2θ Figure 57b. Le Bail or 
Rietveld refinement of these patterns may indicate whether these inconsistencies are impurities; however, the 
magnitude of the difference is small enough that no further investigation is carried out.                                                                                          
MIL-53 is typically synthesised in this MIL-53-as phase which contains excess synthesis material within the pores of the 
framework, holding it in a large-pore configuration. The crystalline size of the MOF powders was further studied using 
Table 6: Potential MOFs compatible with agZIF-62. Potential metal–organic framework materials (where rough decomposition 
temperatures have been extracted from the onset of decomposition) to outline candidates which display thermal stability to above 
437 °C.   
MOF Composition Td / °C * Function Ref 
IRMOF-8 [Zn4O(ndc)3] 450 Friedel-Crafts Acylation 260 
MIL-53 [Al(OH)(BDC)] 500 Gas Sorption 259 
MIL-68 [VIII(OH)(BDC)] ~550  261 
MIL-118 [Al2(OH)2(C10O8H2)] 495  191 
MIL-120 [Al4(OH)8(C10H8H2)] 560  262 
MIL-126 (Sc) [Sc3O(H2O)2(bpdc)3X] 
(where X = OH– or Cl–) 
~500  263 
MOF-5 [Zn4O(BDC)3] 440 Friedel-Kraft Alkylation 264 
NOTT-300 [Al2(OH)2(C16O8H6)] 400 Selective Gas Capture 265 
NU-1000 [Zr6(µ3-OH)8(OH)8(TBAPy)2] 450 Catalyst Support 264, 265 
UIO-66 [Zr6O4(OH)4(BDC)6] 375 Membranes 266, 267 
UL-MOF-1 [Li2(2,6-ndc)] 610  192 
ZIF-8 [Zn(mIm)2] 500 Membranes 268, 269 
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scanning electron microscopy (SEM) where representative crystalline sizes of each powder are shown in  Figure 58. The 
size of the MIL-53 crystals was smaller than those of ZIF-62, at less than 5 μm. The small size of MIL-53 is ideal for the 
formation of a composite since it will be easier to suffuse than larger particulate. 
 
Figure 57: Confirmation of ZIF-62 and MIL-53-as synthesis. Powder X-ray diffraction data of a. ZIF-62, and b. MIL-53-as. 
 
Figure 58: Particle size analysis of ZIF-62 and MIL-53. Scanning electron microscopy images of a. Pure ZIF-62, and b. Pure MIL-53-np. 
For further confirmation, simultaneous Scanning DSC and TGA (SDT) data were recorded of each sample under an inert 
Ar atmosphere to confirm the expected thermal behaviour (Figure 59). In an initial scan, MIL-53 was heated to 800 °C 
and displayed three mass-loss events (Figure 59a) attributable to two-step desorption of surface-adsorbed and 
encapsulated BDC at ca. 380 °C and 430 °C, and the decomposition of the framework at ca. 580 °C, sequentially. This two-
step desorption of BDC is also observed by Férey et al., confirmed through observation of protonated linker bands in IR 
analysis; these species may be removed through calcination at 330 °C for 3 days in air.121,272 In this scan, MIL-53 
demonstrated stability above the melting temperature of ZIF-62, following reported thermal stabilities. A second scan 
using another sample of MIL-53 (Figure 59b) was heated to 450 °C, allowed to cool to room temperature, and reheated 
to 400 °C, showing no further BDC desorption in the second heating regime, confirming full BDC desorption when heated 
to 450 °C. The slight curvature in the DSC baseline is likely an instrumental artefact. 
The TGA trace of ZIF-62 was featureless between the initial desolvation at ca. 250 °C and decomposition at ca. 600 °C 
(Figure 59c). ZIF-62 was synthesised here similarly to the method published by Yue et al. who also observed a mass-loss 
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event shortly before 200 °C. This event, whilst slightly above the boiling point of DMF (153 °C), was attributed, by Yue et 
al., to a loss of DMF from the material since DMF was observed in the NMR spectrum of the crystalline ZIF-62.57 The 
simultaneous DSC measurement showed an endothermic response attributed to a solid-liquid transition (melting) at 435 
°C, in agreement with previously reported data.65 A second DSC scan using a second portion of ZIF-62, heating to 450 °C, 
cooling to room temperature, and reheating to 450 °C (Figure 59d) displayed a melting event at 435 °C again on initial 
heating, and a change in heat capacity at ca. 315 °C corresponding to the reported glass transition temperature of the 
species.65 The Tg is taken here as the onset of the thermal event, finishing at ca. 350 °C, calculated by extrapolating 
gradients as shown in Figure 59d. The melting event is no longer present in the second scan, confirming the complete 
melting of the sample at 450 °C. These results confirm the thermal stability of MIL-53 above the melting temperature of 
ZIF-62. 
 
Figure 59: Thermogravimetric and calorimetric confirmation of ZIF-62 and MIL-53. a. SDT of pure MIL-53, b. DSC of MIL-53, c. SDT of 
ZIF-62, and d. DSC of ZIF-62. 
4.2.2 Fabrication of a MOF CGC  
A fabrication process for the MOF CGC was developed for the formation of the MOF CGC (Figure 60). In this process, the 
melting MOF component must successfully suffuse the crystalline material as extensively as possible to produce a well 
dispersed, rigid product. Given the reported high viscosity of MOF glasses (η = 105 Pa s for a ZIF-62 melt),57 the fabrication 
process of the MOF CGC must account for this by optimising the steps to allow for the maximum liquid flow whilst 
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retaining the structural integrity of the non-melting component. Here, this is done by reducing each component's particle 
size by ball-milling the two components together. By doing so, the flow of the liquid MOF is improved, resulting in better 
dispersion of the MIL-53 within the resultant glass matrix. An interesting experiment to determine the change in particle 
size of the components would be to perform STEM-EDS analysis of the ball-milled, crystalline mixture to understand the 
extent of the particle size reduction and whether the particle size of both materials reduces equally. 
 
Figure 60: Procedure for the formation of a MOF crystal–glass composite. A composite is formed here through the mixing of the crystal 
powders and melting the glass-forming MOF. 
Framework activation was not performed before ball-milling in this case since the presence of solvent within MOFs has 
been observed to stabilise against shear-induced collapse.273 In one study, ZIF-8 was completely amorphised by ball-
milling for only 10 minutes; however, upon the incorporation of ethanol or butanol within the pores of the framework, 
ZIF-8 could be ball milled for longer than 20 minutes, reducing the crystallinity of the framework by only ca. 50%.273 
Subsequently, this MOF CGC was heated to 450 °C and isothermally held for 10 minutes to melt the MOF glass completely 
to allow for glass flow before being cooled to room temperature. This heating was performed under an argon atmosphere 
to protect against oxidative decomposition. 
A sample of 25 wt% MIL-53-as and 75 wt% ZIF-62 were ball-milled together (30 Hz, 5 min) to homogenise the mixture 
and reduce particle size. No significant change in crystalline structure was observed due to the ball-milling (Figure 61a). 
The mixtures of MIL-53 and ZIF-62 after ball milling are referred to as (MIL-53)(ZIF-62)(X/Y), where X and Y are mass 
percentages of each component. For example, a 25 wt% sample of crystalline MIL-53 and 75 wt% crystalline ZIF-62 sample 
is referred to as (MIL-53)(ZIF-62)(25/75). This sample of (MIL-53)(ZIF-62)(25/75) was then heated in flowing Ar to 450 °C, 
i.e., above the melting temperature of ZIF-62, but below that of the thermal decomposition temperature of MIL-53. The 
samples were held at 450 °C for 10 min and then cooled back to room temperature under Ar protection over a period of 
approximately 90 min. In keeping with prior terminology on blended ZIFs, the resultant CGCs obtained upon cooling are 
referred to as (MIL-53)X(agZIF-62)Y.170  
SDT measurements were then collected on the sample of (MIL-53)(ZIF-62)(25/75), heating to 450 °C, allowing to cool to 
room temperature, and reheating to 450 °C again (Figure 61b). The first TGA trace of (MIL-53)(ZIF-62)(25/75) had a two-
stage weight loss, consistent with the desorption of H2BDC from MIL-53. The accompanying DSC indicated a broad 
endotherm at the expected melting temperature of ZIF-62, which is expected given the overlapping proximity in 
temperature ranges of both ZIF-62 melting and MIL-53 desorption phenomena. The DSC trace of the formed 
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(MIL-53)0.25(agZIF-62)0.75 CGC demonstrated a glass transition, Tg, of ~310 °C, and the melted samples, when cooled under 
Ar protection, displayed significant morphological changes due to vitrification.  
 
Figure 61: PXRD pattern and SDT measurements of (MIL-53)(ZIF-62)(25/75). a. Confirmation of crystallinity of the mixtures through 
the retention of Bragg diffraction of each component in the mixture, and b. SDT of (MIL-53)(ZIF-62)(25/75). 
Optically transparent glasses could be obtained by clamping the crystalline powder mix between two glass slides during 
heating (Figure 62a). Notably, similar colouration is observed between the glass (Figure 62b) and the MOF CGC (Figure 
62c). Scanning electron microscopy (SEM) performed on (MIL-53)0.25(agZIF-62)0.75 (Figure 62d) suggested good interfacial 
compatibility for the two different phases within the glass composite and evidenced the flowing of the liquid ZIF-62. 
 
Figure 62: Macrostructural analysis of (MIL-53)0.25(agZIF-62)0.75. a. Optical image of (MIL-53)0.25(agZIF-62)0.75, prepared by clamping 
the crystal mixture between two glass slides during heating. Optical microscopic images of b. agZIF-62, and c. (MIL-53)0.25(agZIF-62)0.75. 
d. SEM image of (MIL-53)0.25(agZIF-62)0.75; scale bar is 200 μm. 
4.2.3 Suspension of MIL-53-lp at Room Temperature 
The PXRD pattern of (MIL-53)0.25(agZIF-62)0.75 CGC indicated that only the open-pore MIL-53-lp was present, i.e., that 
rehydration and transition to close-pore MIL-53-np, does not occur. Later measurement would reveal that the MIL-53-lp 
remains even after 1-year storage at ambient conditions (Figure 63a). The absence of the MIL-53-lp to MIL-53-np 




Figure 63: Entrapment of the metastable MIL-53-lp phase within the MOF CGC from MIL-53-as. a. Stabilisation of MIL-53-lp in CGC; 
an XRD pattern of the MIL-53-as, MIL-53 crystal after thermal treatment (MIL-53-np) and CGC after 1 year storage. All measurements 
were conducted at ambient conditions. b. Illustration of the different MIL-53 crystal structures. 
 
MIL-53 crystallises in a “wine rack” structure (Pnma, a = 17.129(2) Å, b = 6.628(1) Å, c = 12.182(1) Å, α = β = γ = 90°)  with 
large internal pores held open by excess solvent and unreacted ligand in the as-synthesised state (“MIL-53-as”).121 The 
removal or replacement of these guest molecules can cause the pore structure to undergo significant volume contraction 
or expansion, leading to phase transformations at different temperatures (Figure 63b). When the pore occupying species 
are expelled, typically by heating, an open-pore structure (Imma, a = 6.608(1) Å, b = 16.675(3) Å, c = 12.813(2) Å, α = β = 
γ = 90°) is formed with a greater internal void volume that is referred to as “MIL-53-lp” (large pore). The spontaneous 
uptake of water into the large-pore phase, typically upon cooling, causes the pores to contract to produce a narrow-pore 
structure (Cc, a = 19.513(2) Å, b = 7.612(1) Å, c = 6.576(1) Å, α = γ = 90°, β = 104.24(1)°) that is referred to as “MIL-53-np” 
(narrow pore).121 Reversible transitions between MIL-53-np and MIL-53-lp are known as “breathing”.  
Notably, the MIL-53-as and MIL-53-lp phases are structurally similar and show only a small difference in their PXRD 
patterns. Therefore, it is crucial to confirm whether this phenomenon occurs for the MIL-53-np or whether it is caused 
by the excess ligand trapped within the pores of MIL-53-as. This was tested by activating a sample of MIL-53-as (330 °C 
for 3 days) to form the MIL-53-np phase (Figure 64) before preparing a 25 wt% MOF CGC using the same methods as with 
MIL-53-as. The resultant sample was analysed using PXRD and also found to retain the high-temperature MIL-53-lp phase 
(Figure 64). The sample of MIL-53-np must therefore expand to the MIL-53-lp phase before being trapped in this phase 
upon vitrification of the glass. The transition to the MIL-53-lp phase must also be the case for MIL-53-as since the DSC 
trace of (MIL-53)(agZIF-62)(25/75) evidences the desorption of excess H2BDC adsorbed to MIL-53 (Figure 61b). As shown 
for MIL-53-np, the cooling of the melt from this stage must trap the MIL-53-lp phase within the glass in a process 




Figure 64: Confirmation of MIL-53-lp retention from MIL-53-np starting phase. Experimental PXRD patterns (blue) of pure MIL-53-np 
(top) and the CGC (bottom). The simulated patterns (red) demonstrates the retention of the MIL-53-lp phase in quenched CGCs. 
Impurities marked with “*”.  
4.2.4 Phase Behaviour of MIL-53 
To confirm the reported phase change behaviour of MIL-53-as121 in the synthesis of (MIL-53)0.25(agZIF-62)0.75, in situ 
synchrotron VT-PXRD was performed on a sample of (MIL-53)(ZIF-62)(25/75). Additionally, the melting and structural 
collapse of ZIF-62 was also investigated using this method. In these experiments, Bragg diffraction from ZIF-62 became 
weaker after the removal of adsorbed solvent and disappeared completely, as expected, above the Tm of 435 °C. 
Furthermore, the emergence of diffuse scattering, particularly evident at q = ~0.9–1.3 Å−1 at this temperature, indicated 
melting, consistent with prior literature (Figure 65a,b).65 As in the experiment performed on pure ZIF-62, Bragg diffraction 
from ZIF-62 ceased at 435 °C for the (MIL-53)(ZIF-62)(25/75) sample, although an abrupt change at ca. 160 °C is observed 
in the diffraction patterns (Figure 65). This change is indicative of a transition between the initial MIL-53-as and the final 
MIL-53-lp phase, where both phases coexist for a further ca. 260 °C. For example, above ca. 160 °C, the MIL-53-lp (011) 
Bragg peak at 0.62–0.65 Å−1 grows in intensity, accompanied by a reduction in the intensity of the MIL-53-as (101) Bragg 
peak at 0.61–0.62 Å−1.274 Peaks from both phases remain until 420 °C when only Bragg peaks arising from MIL-53-lp are 
observed. This broad transition is ascribed to the constant heating rate used and the need to perform the experiment in 
a sealed capillary under Ar.   
Unit cell parameters for the MIL-53 and ZIF-62 components were refined by fitting each diffraction pattern using Pawley 
refinements across the temperature range (Figure 66). A large increase in cell volume for MIL-53-lp was noted above 350 
°C, i.e., above the temperature at which H2BDC is desorbed from the pores. The area of the rhombic pores was also 
calculated, using the distances between the four Al ions surrounding this opening (Figure 66a–d) which are uniquely 
determined by the unit cell parameters. Notably, the high-temperature cell parameters (and hence pore opening area) 
are broadly unchanged upon cooling the sample to room temperature and confirm that the MIL-53-lp phase pores do 
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not close upon cooling and atmospheric water sorption (Figure 66e). Meanwhile, during the thermal treatment process, 
the glass-forming phase (ZIF-62) in (MIL-53/ZIF-62)(25/75) behaves similarly to that of pure ZIF-62 (Figure 66f).  
 
Figure 65: In-situ synchrotron PXRD profile during the thermal treatment process of (MIL-53)(ZIF-62)(25/75) (10 °C/min). a–b. 
Contour plot and overlay of the variable temperature PXRD profile of pure ZIF-62 with hkl indices marked, c–d. Contour plot and overlay 
of the variable temperature PXRD profile of (MIL-53)(ZIF-62)(25/75) with hkl indices marked for ZIF-62 (blue) and MIL-53 (red). e. a 
Contour plots of in situ synchrotron powder diffraction data measured during the thermal treatment process of (MIL-53)(ZIF-62)(25/75) 




Figure 66: Phase transition of MIL-53 and melting of ZIF-62 during the (MIL-53)0.25(agZIF-62)0.75 CGC fabrication process. a–b. 
Schematic diagram of the MIL-53-as and MIL-53-lp unit cell structure. Atom size is not to scale. c. Change of the lattice parameters and 
d. unit cell volume of MIL-53-as (black) and MIL-53-lp (blue) during the phase transition process. e. Change of the opening pore area 
during the phase transition process. The opening pore area is indicated in the scheme a and b with blue colour. The ex-situ XRD patterns 
from samples at room temperature are highlighted in the figure (c-e) with red marks. f. Change of the unit cell volume of ZIF-62 phase 
during the thermal treatment process for both pure ZIF-62 and (MIL-53)(ZIF-62)(25/75). All values were fitted from the in-situ 
synchrotron powder diffraction and ex-situ powder XRD patterns using the published cif files. 
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4.2.5 Component Distribution 
Electron microscopy was used to investigate the crystal–glass microstructure in (MIL-53)0.25(agZIF-62)0.75. STEM electron 
energy loss spectroscopy (STEM-EELS) measurements demonstrated characteristic signatures corroborating the co-
location of carboxylate and imidazolate ligands in the respective MIL-53 and ZIF-62 glass domains (Figure 67).275 STEM-
EDS was also used to map the elemental distribution of the metal centres, demonstrating a mixture of the two separated 
phases in (MIL-53)0.25(agZIF-62)0.75. 
 
Figure 67: Observation of ligand chemistry by STEM-EELS of the (MIL-53)0.25(agZIF-62)0.75 CGC (thermal treatment at 450 °C for 10 
min). a. Annular dark-field (ADF) STEM image with selected areas marked by colour-coded squares. b. STEM-EELS spectra at the carbon 
energy K ionisation edge corresponding to the two selected areas in panel a. c. Corresponding STEM-EDS map of the Al and Zn elemental 
distribution. Scale bars are 400 nm. 
 
EELS signals in the range of 284–290 eV are indicative of the carbon bonding environment due to the appearance of sharp 
peaks associated with chemically sensitive π* states above the Fermi energy. The carbon spectrum corresponding to the 
Al-rich phase (red) exhibits two low-intensity π* features at approximately 284 eV and 288 eV (marked with dashed 
arrows). In contrast, the carbon spectrum corresponding to the Zn-rich phase (blue) exhibits a single sharp π* peak at 
approximately 285.5 eV. The energy axis was scaled relative to the carbon K edge features for amorphous carbon (in the 
lacey carbon support film), with a π* at 284.5 eV. The sharp π* peak at 285.5 eV is characteristic of carbon K edge features 
observed in ZIF-62 and matches previous reports on the imidazole ligand.275 The lower intensity peaks at 284 and 288 eV 
are consistent with reports of X-ray adsorption near-edge spectroscopy (XANES) for carboxylic acid moieties.276 
STEM-EDS was also used to map the elemental distribution of the metal centres, demonstrating a mixture of the two 
separated phases in the (MIL-53)0.25(agZIF-62)0.75 CGC. Two-dimensional STEM-EDS mapping indicated near homogeneous 
mixing of the two phases (Figure 68a), though the distribution in three-dimensional space remained unknown. STEM-EDS 
tomography was used to reconstruct a complete shard of (MIL-53)0.25(agZIF-62)0.75 CGC (Figure 68b). This revealed MIL-53 
particles of between 30 and 300 nm in size, evenly embedded within the ZIF-62 glass substrate. The degree of surface-
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facing MIL-53 phase in the reconstructed particles may indicate an increased preference for fracturing at MIL-53/ZIF-62 
interfaces.  
SED has recently emerged as an effective way to obtain nanoscale structural insight from beam sensitive materials.277 
Here, the number of Bragg diffraction discs found in the diffraction pattern recorded at each probe position was plotted 
to reveal the location of crystalline phases, as shown in Figure 68c. These crystallinity maps demonstrated close contact 
between crystalline and non-crystalline regions within the composites. Comparison with compositional maps obtained 
via STEM-EDS mapping of the same particles, showing the distribution of the metal centres, confirm that the crystalline 
regions correspond to the metal-centres expected for the MIL-53 CGC material. However, whilst the tomograph would 
appear to detail no separation between the crystalline and glass components, the resolution of the data (1 pixel) 
corresponds to a ca. 5 nm distance. Component separation greater than 5 nm is, however, absent in this sample. 
 
Figure 68: STEM-EDS and SED mapping of (MIL-53)0.25(agZIF-62)0.75. a. STEM-EDS mapping of (MIL-53)0.25(agZIF-62)0.75, b. 
corresponding three-dimensional tomography from the STEM-EDS mapping. c. SED mapping of another shard of 
(MIL-53)0.25(agZIF-62)0.75 and d. the corresponding STEM-EDS mapping of the sample in c. Scale bar is 200 nm. 
Particle sizes of MIL-53 were isolated in the 3D tomograph of the (MIL-53)0.25(agZIF-62)0.75 shard in Figure 68b. These 
regions of crystalline MIL-53 were then processed to produce a particle volume distribution of MIL-53 within the 
composite (Figure 69a). Whilst informative for absolute mass calculations, a spherical equivalent is more useful for 
particle size comparison. Therefore, a size distribution of equivalent spherical particle radii was calculated (Figure 69b). 
Notably, this data is filtered to exclude regions smaller than 2×2×2 pixels for accuracy. As such, data for particles smaller 




Figure 69: Calculated crystalline particle size from 3D tomography. a. MIL-53 crystal particle volume distribution profile within 
(MIL-53)0.25(agZIF-62)0.75, and b. MIL-53 crystal particle size distribution profile within the composite. 
Broadly, the particle sizes of MIL-53 are smaller than the equivalent of 200 nm diameter spheres. These particle sizes 
contrast with those observed in SEM images of MIL-53-as (Figure 58b), which display widths of ca. 1000–4000 nm. Such 
reduction can be attributed to the ball-milling step of the composite fabrication. It is, however, evident from Figure 68c 
and Figure 68a that the particle size of MIL-53 is poorly controlled. This considerably limits the accuracy of the data shown 
in Figure 69 since only a single sample was used, and there is a noticeable difference in particle size between the two 
samples. A much larger sample size would be required for more reliable results, though this may be too resource-
demanding to perform in practice. 
4.2.6 Atomic Structure and Domain Analysis 
To collect structural information, total scattering data were collected for samples of (MIL-53)(ZIF-62)(25/75) and 
(MIL-53)0.25(agZIF-62)0.75 (Figure 70a). The total scattering data, S(Q), of the crystalline mixture exhibits sharp Bragg 
reflections originating from both the MIL-53 and ZIF-62 components. Upon composite fabrication, peaks are significantly 
broadened; however, the pattern retains its general shape but leaving identifiable MIL-53 reflections (Figure 70a).  
Total scattering data were subsequently processed using GudrunX software (Section 3.1.4.2) to produce the PDFs of 
these samples (Figure 70b). Short-range order (1–8 Å) peaks are retained in the (MIL-53)0.25(agZIF-62)0.75 sample, where 
atom-to-atom correlations from both the crystalline ZIF-62 and MIL-53-lp structures can be identified. Namely, peaks 
corresponding to Al–O, and Al–Al bond distances were visible in this PDF at ca. 5 and 7.5 Å originating from MIL-53, Zn–
Zn (ca. 6 Å), and Zn–N (ca. 4 Å) originating from agZIF-62 are easily distinguishable. As expected, the PDFs of the composite 
retain the longer-range oscillations due to Al–Al correlations in MIL-53 exceeding 8 Å. As with samples of pure ZIF-62, 
longer-range correlations are no longer observable in the S(Q). These samples are, by weight, heavily dominated by ZIF-62 
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containing heavily scattering Zn metal ions; correlations from MIL-53, whose Al centres weakly scatter in comparison, 
appear much weaker. These data provide evidence that the ZIF-62 behaves similarly in the composite material as in the 
pure state.  
 
Figure 70: Comparison of total X-ray scattering data of (MIL-53)(ZIF-62)(25/75) and (MIL-53)0.25(agZIF-62)0.75. a. Structure factor, S(Q), 
comparison of (MIL-53)(ZIF-62)(25/75) and (MIL-53)0.25(agZIF-62)0.75. b. Pair distribution function (PDF) D(r) calculated via Fourier 
transform of the X-ray total scattering structure factor S(Q) for the crystal mixtures and CGC. The inset shows the scheme for PDF peak 
assignment. 
Whilst PDF measurements provide valuable information on the structure of the material, nuclear magnetic resonance 
(NMR) was implemented to probe the proton polarisation transfer to investigate interfacial distances dynamically. To 
confirm the homogeneous distribution of MIL-53 particles within the agZIF-62 matrix (as shown by STEM), 1H and 13C 
magic angle spinning (MAS) solid-state NMR spectroscopic measurements were performed on samples of both 
(MIL-53)(ZIF-62)(25/75) and (MIL-53)0.25(agZIF-62)0.75 (Figure 71).  
Peaks arising from bIm and Im, from ZIF-62, and BDC, from MIL-53, are present before and after vitrification in the solid-
state 13C MAS NMR with little change. The structural similarity of MIL-53-as and MIL-53-lp is apparent in the similar 
chemical environments observed for each structure. Peaks assigned to the bIm and Im linkers in ZIF-62 and the peaks of 
the BDC linker in MIL-53 are broadly similar for both samples in both 13C and 1H NMR spectra. The most notable 
differences in the recorded spectra for the crystalline mixture and the composite appear in the 1H spectra. The peak 
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corresponding to the bridging Al–OH–Al species within the MIL-53 in the composite shifts downfield and a shoulder on 
the broad peak associated with the bIm and Im species at ca. 6.5 ppm appears in the composite. The former observation 
is likely a result of the desorption of excess linker from the pores of the MIL-53 framework. Additionally, this shift 
corroborates the observed change in MIL-53 structure from the MIL-53-as in the mixture. However, the extra peak could 
be from a number of sources. Firstly the reduction in particle size of the MIL-53 vastly increases the proportion of 
terminating, protonated linkers at the particle surface and may be a product of this. Secondly, in the fabrication of the 
composite, excess material is expelled. This compositional change may alter the peak resolution and induce the 
emergence of a peak otherwise merged with other similar environments.  
 
 
Figure 71: Chemical environments of (MIL-53)(ZIF-62)(25/75) and (MIL-53)0.25(agZIF-62)0.75. 13C MAS NMR, and  1H MAS NMR analysis 
for (MIL-53)(ZIF-62)(25/75) crystal mixture (lower spectra) and (MIL-53)0.25(agZIF-62)0.75 CGC (upper spectra). 
Since 1D MAS NMR did not show the emergence of clear signals that may be ascribed to the chemical bonding of the 
two-component material, 2D NMR techniques were employed to screen for component interactions. Spin-diffusion NMR 
spectroscopy makes use of the differential rates of proton polarisation transfer between species on the same, or 
separate, organic linkers. 2D back-to-back (BABA) spectra were recorded for (MIL-53)0.25(agZIF-62)0.75 (Figure 72a) and 
spin diffusion was recorded at intervals of 1, 10, 100, and 1000 ms (Figure 72b). Vertical dashed lines indicate the traces 
of the 2D spectra, which were analyzed to determine spin-diffusion curves and obtain information about the rate and 
extent of polarisation transfer between the OH protons of MIL-53 to both BDC protons of MIL-53 and imidazolate protons 
of ZIF-62. The 2D spectra also show that species resonating at 1.7 ppm are within MIL-53 or on its surface. 
Analysis of two series of spin diffusion NMR spectra of (MIL-53)(ZIF-62)(25/75) crystal mixture and 
(MIL-53)0.25(agZIF-62)0.75 (Figure 72c,d) shows a significant difference between the two samples. Within the figure, blue 
lines represent the slices through the spectra measured at a spin-diffusion mixing time of 1 ms, red lines correspond to 
mixing time of 1000 ms, and grey lines correspond to mixing times of 2, 5, 10, 20, 50, 100, 200 and 500 ms. In both 
samples, a peak at ca. 8 ppm is due to protons on BDC linkers, and a peak at ca. 3 ppm is due to protons of the bridging 
OH groups of the inorganic chains of MIL-53. A single, broad proton peak from ZIF-62 appears at ca. 6.8 ppm. Whereas in 
the crystal mixture, no proton polarisation transfer between MIL-53 and ZIF-62 is detected, transfer of polarisation 




Figure 72: Proximities among different species within (MIL-53)0.25(agZIF-62)0.75 CGC as inspected by proton-proton dipolar-recoupled 
NMR experiments. a. Two-dimensional 1H-1H back-to-back (BABA) spectrum, facilitating the assignment of the BDC and OH signals of 
MIL-53, and of the imidazolate signal of ZIF-62. b. 2D 1H-detected T2-filtered proton-spin-diffusion spectra of the CGC sample recorded 
with different mixing times. c. Slices along the indirectly detected dimension through the 2D 1H spin-diffusion NMR spectra. Slices were 
taken at a chemical shift of about 3 ppm, and show how polarisation transfer between the OH groups of MIL-53 and all other protons 
of the samples proceeds. d. Spin-diffusion curves obtained by extracting integrated intensities of selected peaks within the slices through 
the 2D 1H spin-diffusion NMR spectra. The dashed grey line describes proton polarisation transfer between OH groups and BDC linkers 
of the crystal mixture, grey triangles and solid line describe polarisation transfer between OH groups and BDC linkers of MIL-53 within 
the CGC, and orange diamond signs and solid line describe polarisation transfer between the OH groups of MIL-53 and imidazolate 
linkers of ZIF-62 within the CGC. 
The fast polarisation transfer (steep curve) for short mixing times is indicative of the close contacts between MIL-53 and 
ZIF-62 domains in the CGC (Figure 72d). The fact that the curve shown does not reach a plateau, and is still rising at mixing 
times as long as 1 s, suggests that the OH groups in MIL-53 crystals and imidazolate linkers in agZIF-62, are present within 
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distinct domains. If they were present within the same framework, the polarisation–transfer curve would resemble the 
one that describes transfer between the OH groups and BDC linkers of MIL-53, which reaches a plateau at about 200 ms. 
4.2.7 Density and Mechanical Properties 
One benefit of the CGC is their processability, which will enable the material to be shaped for different applications. The 
density and mechanical properties can provide important information on whether these materials will withstand 
industrial conditions.173 The densities of the crystalline mixture and of the CGC were thus measured with gas pycnometry. 
The density of the CGC was higher than the corresponding initial crystal powder mixture, from 1.62 ± 0.03 to 1.78 ± 0.08 
g/cm3 for (MIL-53)(ZIF-62)(25/75) crystal and (MIL-53)0.25(agZIF-62)0.75, respectively.  
The mechanical properties of the glass composite were probed by nanoindentation on surfaces polished to 0.25 μm 
coarseness. The Young’s modulus (E) increase for (MIL-53)0.25(agZIF-62)0.75 (E ≈ 7.7 GPa) compared with the pure agZIF-62 
counterpart (E ≈ 5.8 GPa), correlates well with their densities, as well as the larger (obtained through quantum chemistry 
calculations) elastic moduli of MIL-53 (E = 25 GPa).131 This observation suggests the glass composite has a similar 
resistance to irreversible plastic deformation as the pure glass. 
 
Figure 73: Nanoindentation to determine the mechanical properties of (MIL-53)0.25(agZIF-62)0.75 and agZIF-62. a. variance of hardness 
with depth, b. variance of elastic modulus with depth, and optical images of indentations for c. agZIF-62, and d. (MIL-53)0.25(agZIF-62)0.75. 
4.2.8 MOF CGC Porosity 
A range of gas adsorption isotherm experiments was performed on the MIL-53 CGC samples to determine the effect of 
encapsulation on gas adsorption behaviours. agZIF-62 has been previously demonstrated to possess accessible, 
permanent porosity toward both hydrogen (H2) and carbon dioxide (CO2),55 with uptake capacities of 0.40 mmol/g at 77 
K and 0.90 mmol/g at 273 K, respectively (Figure 74). Measurements were repeated here, and, as expected, the ZIF-62 





Figure 74: CO2 and H2 gas sorption isotherms of a sample of (MIL-53)0.25(agZIF-62)0.75. a. CO2 adsorption (solid) / desorption (open) 
profiles at 273 K. b H2 adsorption profiles at 77 K.  
 
The incorporation of crystalline MIL-53 improves the H2 uptake of agZIF-62 to ca. 1.9 mmol/g at 1 bar. This can be 
attributed to the high measured gas adsorption capacity of pure MIL-53 (open pore structure) at 3.55 mmol/g, which 
aligns with the reported values.278,279 In comparison, N2 adsorption isotherms at 77 K of the agZIF-62 and the MOF CGC 
shows very little adsorption relative to that of crystalline MIL-53 (Figure 75) in accordance with previous literature on gas 
sorption experiments performed on agZIF-62.55 
 
 
Figure 75: N2 gas sorption isotherms of a sample of (MIL-53)0.25(agZIF-62)0.75. N2 adsorption(solid)/desorption(open) profiles at 77 K. 
Ar (3.4 Å kinetic diameter); adsorption experiments were performed at 87 K and demonstrate similar inaccessibility of 
the glass component to large analyte molecules. Though the slow diffusion kinetics (as evident in the isotherm hysteresis) 
severely limits precision, pore size distributions gained from Ar isotherms on (MIL-53)(ZIF-62)(25/75) and 
(MIL-53)0.25(agZIF-62)0.75 CGC demonstrate pores at 5–6 Å for both crystalline mixture and CGC (Figure 76), in addition to 
one at ca. 11 Å for the CGC. Using an analyte gas with a slightly smaller critical diameter, CO2 (3.3 Å kinetic diameter), it 
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is found that the gas adsorption capacity of (MIL-53)0.25(agZIF-62)0.75 CGC approaches the capacity of a sample of pure 
MIL-53 at the same condition (273 K, 1 bar, Figure 74a).  
 
Figure 76: Pore size distribution of (MIL-53)0.25(agZIF-62)0.75 and (MIL-53)(ZIF-62)(25/75) from Ar adsorption. a. Ar 
adsorption(solid)/desorption(open) profile, recorded at 87 K. b. pore size distribution for the crystal mixture (black) and CGC (red) 
obtained from Ar adsorption branch. The distributions were calculated using the Horwath-Kawazoe method via the Saito-Foley 
approach. 
High-pressure CO2 adsorption experiments were performed on both (MIL-53)(ZIF-62)(25/75) and 
(MIL-53)0.25(agZIF-62)0.75. The CGC demonstrated an improvement of ca. 30% in CO2 adsorptive capacity at 303 K and 50 
bar (Figure 77a). This phenomenon can be explained by considering the breathing behaviour of MIL-53. Below pressures 
of 3 bar, the adsorption of CO2 results in weak dipolar or quadrupolar host-guest interactions. This interaction causes the 
unit cell to contract to a narrow pore structure with a relatively low adsorption capacity of ca. 2.5 mmol/g.280 At higher 
pressures above 10 bar, the pores of the framework are re-opened, increasing the CO2 adsorption capacity to 8–9 
mmol/g.281 
 
Figure 77: High-pressure CO2 gas sorption isotherms and N2 pore size distribution. a. High-pressure CO2 adsorption (solid)/desorption 
(open) isotherms of the crystalline mixture (black) and CGCs (red) performed at 303 K, and b. N2 (77 K) pore size distributions, calculated 
using the Barrett, Joyner, and Halenda method.282  
In comparison, the stabilisation of open-pore MIL-53 within the glass composite readily allows a high CO2 adsorption 
quantity even at low-pressure conditions (up to 1 bar)—although the narrow pore phase has a higher affinity for CO2, as 
can be seen in the very low-pressure region (<100 mbar). Based on the composition of the CGC, the estimated CO2 
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adsorption is 2.71 mmol/g, which is lower than the experimental results. This suggests that the excess CO2 uptake 
observed here may be partially ascribed to a small number of mesopores within CGC, arising from the interface between 
crystal and glass components (Figure 77b). The BJH method was utilised here since the Kelvin equation holds for the 
interfacial macropores that may be predictably induced in the synthesis of a composite. However, DFT-based models 
such as the Saito-Foley approach are likely to provide more accurate results due to the ability to fit pore-condensation 
hysteresis.283 
Water adsorption experiments were also performed on both (MIL-53)(ZIF-62)(25/75) and (MIL-53)0.25(agZIF-62)0.75 CGC 
(Figure 78). An abrupt uptake at 60% relative humidity is noted for both samples during the first cycle, whilst subsequent 
cycles showed a better cyclability and higher amount adsorbed for the (MIL-53)0.25(agZIF-62)0.75. The uptake of H2O here 
implies that the stabilisation of MIL-53-lp does not arise because it is excluded from entering the composite CGC material. 
Instead, the glass phase may not be “soft” enough to accommodate a large-scale change of the crystal phase structure 
while the interfacial contact between the two phases is maintained. 
 
Figure 78: The effect of water adsorption on the phase of MIL-53 in (MIL-53)(ZIF-62)(25/75) and (MIL-53)0.25(agZIF-62)0.75. Water 
adsorption (solid)/desorption (open) isotherms of the a. crystal mixture and b. CGCs, performed at 298 K. 
4.3 Conclusions 
Composite formation has been used to exert control over the chemical functionality and physical properties of materials 
such as molecular crystals.284 Here, this approach has been adapted to metal–organic frameworks; this is a prototypical 
example of a MOF CGC formed by embedding a MIL-53 within a MOF glass matrix. The structural integrity of both the 
crystalline and glass components of the materials has been demonstrated for samples both before and after vitrification. 
In this first example of a metal–organic framework crystal–glass composite, ZIF-62 was selected as the glass-former due 
to its relatively low Tm. A MOF with a Td greater than the Tm of ZIF-62, MIL-53, was successfully encapsulated within the 
glass without decomposition. The high-temperature, large-pore phase of MIL-53 was suspended in the glass at room 
temperature in this material. This phenomenon was explored using water adsorption experiments, showing that this 
MIL-53-lp phase is retained in the glass even when exposed to water.  
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In this material, two separated phases are in close proximity and well mixed at a nanoscale. The resolution of STEM 
tomography precludes the determination of crystal–glass bonding but does indicate that the components are not 
separated by larger than ca. 5 nm. NMR measurements support these findings as chemical bonding could not be 
observed, but polarisation transfer times corroborate proximal components within the composite. 
It may be possible that a glass matrix support may hinder temperature-dependent structural rearrangements in other 
MOFs. In addition, this family of composite materials may also facilitate the assembly of discrete MOF crystal particles 
into thermally and mechanically stable devices with various shapes, such as adsorption column or molecular separation 
membranes. This may open routes to further functional MOF CGCs and take advantage of many recent reports of MOF 
and coordination polymer glass formation.72,159,285,286 
Due to the retention of the MIL-53-lp phase, a significant improvement of CO2 gas adsorption was measured using only 
a 25 wt% sample. However, this is a relatively safe loading of MIL-53 into the matrix, and the glass material did not show 
signs of over-saturation, such as crumbling. The loading limit within this glass matrix is currently unknown, and the 
exploitation of the MIL-53-lp retention in the glass may provide a route to even higher CO2 adsorption capacities through 







Chapter 5 Determination of Matrix Loading 
Capacity 
Following the successful synthesis of a metal–organic framework crystal–glass composite, the maximum loading capacity 
of the glass matrix is investigated to capitalise on the enhanced gas sorption properties—aided by the open-pore 
retention phenomenon observed in the MIL-53 MOF CGC. An upper limit of MIL-53 loading within agZIF-62 is identified 
between 60–70 wt% as determined by Cu and synchrotron source X-ray data. This work is published in the following 
manuscripts: 
 
[1] Ashling C. W., Johnstone, D. N., Widmer R. N., Hou J., Collins S. M., Sapnik A. F., Bumstead A. M., Midgley P. A., 
Chater P. A., Keen D. A., and Bennett T. D., Synthesis and Properties of a Compositional Series of MIL-53(Al) 
Metal–Organic Framework Crystal–glass Composites, J. Am. Chem. Soc. 2019, 141, 15641–15648. 
In this publication, the total scattering data was recorded by myself, with the aid of A. F. Sapnik, and A. M. Bumstead at 
Diamond Light Source, beamline I15-1, and processed by myself with the aid of D. A. Keen. PXRD measurements were 
recorded by myself and NMR measurements were recorded at the University of Cambridge Department of Chemistry and 
analysed by myself. STEM images were recorded and analysed by D. N. Johnstone and S. M. Collins. R. N. Widmer and I 
performed X-ray diffraction refinements. Finally, the manuscript was written by myself and T. D. Bennett, with the aid of 
all authors. 
 
[2] Collins S. M., Kepaptsoglou D. M., Hou J., Ashling C. W., Radtke G., Bennett T. D., Midgley P. A., Ramasse Q. M., 
Functional Group Mapping by Electron Beam Vibrational Spectroscopy from Nanoscale Volumes, Nano Lett. 
2020, 20 (2), 1272–1279 
In this publication, I synthesised the composite material and provided FT-IR analysis of the isolated components, mixtures, 
and composite materials in addition to helping write the manuscript.  
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5.1 Synthesis of a Series of MIL-53 MOF CGCs 
In the optimisation of a novel composite material, it is essential to understand the limits to the production of the material. 
One of the most important of such considerations is the loading limit to which the matrix can effectively be utilised. 
Fortunately, the retention of MIL-53-lp within the composite presents a unique opportunity for this loading limit. It is 
expected that on increasing MIL-53 concentration, any crystalline material in the end composite that has not been 
encapsulated will activate through to the MIL-53-np phase. 
Samples of (MIL-53)x(agZIF-62)1−x, where x = 0.25, and also 0.3 ⩽ × ⩽ 0.9 in 0.1 increments, were synthesised by ball 
milling appropriate masses of crystalline ZIF-62 and MIL-53-as, pressing the resultant intimately mixed powder in a 13-
mm-diameter dye at 0.74 GPa, heating to 450 °C for 15 min, and quenching to room temperature. The materials produced 
were opaque, cream-coloured monoliths, which became brown with increasing concentrations of MIL-53, ascribed to a 
small amount of thermal decomposition of the MIL-53 component. Neither parent material can be identified from SEM 
images, and the relatively smooth surfaces of the bulk material provide evidence of appreciable flow in the ZIF-62 liquid 
state (Figure 79). 
 
 
Figure 79: Scanning electron microscopy images of CGCs with different loadings of MIL-53. a–b. (MIL-53)0.3(agZIF-62)0.7, c–d. 
(MIL-53)0.4(agZIF-62)0.6, e–f. (MIL-53)0.5(agZIF-62)0.5, g–h. (MIL-53)0.7(agZIF-62)0.3, i–j. (MIL-53)0.8(agZIF-62)0.2. 
5.1.1 Composite Series Composition 
For component analysis, the composite series were studied by nuclear magnetic resonance spectroscopy (NMR). This was 
performed by first dissolving the frameworks in an acidic deuterated medium of 3:1 d6-dimethyl sulfoxide with 
deuterated hydrochloric acid mixture and sonicating to ensure dissolution. Such dissolution breaks the framework into 
its corresponding protonated ligands (Figure 80).  
All assignable signals are shown between 10–7.25 ppm. Each of these signals can be seen to vary proportionally with its 
concentration within the sample. Explicitly, the single signal arising from BDC (due to chemical equivalence), c, at 7.95 
ppm can be seen to rise whilst peaks corresponding to protons in ZIF-62, a–b and d–f, all decrease with increasing MIL-53 
loading. It is also of note that the integral ratio of peaks a and b, (corresponding to molecules of benzimidazole and 
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imidazole, respectively) remain constant at 1:~7. This ratio corresponds to formulae of ~[Zn(Im)1.75(bIm)0.25], consistent 
with prior literature.65 
  
Figure 80: Ligand ratio calculation for a compositional series of (MIL-53)x(agZIF-62)1−x. a. 1H NMR spectra of the (MIL-53)x(agZIF-62)1−x 
MOF CGC series using a 2.5:1 ratio of deuterated dimethyl sulfoxide and hydrochloric acid solvents. b. Peak integral ratios of 
(MIL-53)0.25(agZIF-62)0.75. c. Ligands within the frameworks. Peaks in the NMR spectra (a) are assigned (a−f) to protons in the ligands 
as indicated in c. 
The previous sets of analyses have not so far been able to determine whether the synthesis of the composite has 
generated any additional bonds. Each sample was probed using infra-red radiation to screen for any new chemical 
interactions (Figure 81).  
 
Figure 81: Transmission FTIR of the (MIL-53)x(agZIF-62)1−x composite series. Overlay of the Fourier transformed infrared (FTIR) spectra 
of the (MIL-53)x(agZIF-62)1-x series. 
Surface interactions of the two components would be at a maximum at the maximum loading capacity, sequentially 
increasing up to this point from lower loadings, and decreasing after this point. Any interactions from these materials 
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must, therefore, scale with the interfacial surface areas, and as such, modes of bond vibrations would be at a maximum 
at the maximum loading capacity of the composite. However, so too would vibrational modes arising from MIL-53-lp 
which increase in intensity due to greater content but subsequently decrease after the maximum loading due to 
conversion through to the MIL-53-np phase. Samples of MIL-53-np, MIL-53-as and agZIF-62 are accompanied to search 
for new bond vibrations. 
What is observed in this sequence are the weakening IR bands associated with agZIF-62 (700, 950, and 1100 cm-1)  
accompanied by the strengthening bands of MIL-53-lp (750, 1000, 1300, 1350, 1400, 1470, and 1600 cm-1) and a broad, 
weak band correlating to increasing content of MIL-53-np (1125 cm-1).  The frequencies of these transitions are consistent 
with prior studies delineating the bond vibration and stretching mode differences between MIL-53-lp and MIL-53-np.287 
5.1.2 MIL-53 Phase Identification and Matrix Loading Capacity 
Laboratory PXRD measurements (Cu Kα radiation, λ = 1.5418 Å) were carried out on the compositional series of finely 
ground (MIL-53)x(agZIF-62)1-x (Figure 82). The diffraction pattern for (MIL-53)0.3(agZIF-62)0.7 contained several peaks 
ascribed to the MIL-53-lp phase, of which the (101), (011), and (202) reflections were most prominent. No reflections 
were observed which could be ascribed to the MIL-53-np phase. However, upon the increasing concentration of MIL-53 
within the composite to 70 wt%, peaks ascribed to the (200) and (110) reflections of MIL-53-np phase emerged and 
increased in relative intensity thereafter.  
 
Figure 82: Laboratory powder X-ray diffraction patterns of the (MIL-53)x(agZIF-62)1−x composite series, highlighting the MIL-53-np 
Bragg reflections in red. Background subtracted for clarity and normalised to the (101) peak of MIL-53-lp (blue). 
Subsequently, room-temperature X-ray total scattering data were collected for samples of the (MIL-53)x(agZIF-62)1−x 
series (and the corresponding crystalline mixtures of the same proportions) using synchrotron radiation (λ = 0.161669 Å), 
shown in Q space (a function of 2θ, |𝑄| = 𝑆𝑖𝑛 ). These data display a rise of a peak emerging at 1.3 Å-1 for sample 
compositions of 70 wt% MIL-53 and above (Figure 83). This peak corresponds to the formation of the MIL-53-np phase 
and agrees with laboratory PXRD measurements. For greater phase determination accuracy, Rietveld refinement was 
performed on the synchrotron-source total scattering data using MIL-53-lp and MIL-53-np crystallographic information 
 
105 
files (Figure 83). The threshold for MIL-53-lp stabilisation, using the materials processing described here, was therefore 
identified as between 60 and 70 wt% MIL-53. Higher incorporations led to the emergence of MIL-53-np. 
 
Figure 83: Emergence of MIL-53-np Bragg diffraction peaks in recorded total-scattering data. a. Synchrotron recorded total scattering 
data (Q space range 0–10 Å-1), and b. synchrotron recorded total scattering data (Q space range 0.5–2.0 Å-1). 
These data were analysed using TOPAS (academic) V6 software. Pseudo-Voigt peak shapes were globally refined as a 
single set of parameters for all scan files. A ninth-order Chebychev polynomial background, a Gaussian background 
accounting for the diffuse scattering from the ZIF-62 glass, scale factors, unit cell parameters of the MIL-53 structures, 
eighth-order spherical harmonics, and preferred orientation corrections were refined individually for all scans. With no 
signs of MIL-53-np, samples of (MIL-53)0.3(agZIF-62)0.7 to (MIL-53)0.6(agZIF-62)0.4 were refined using only the MIL-53-lp hkl 
phase. Samples of ≥ 70 wt% MIL-53-as were refined using MIL-53-np and MIL-53-lp hkl phases to determine phase 
contributions to the PXRD patterns. Since a Pawley refinement is unable to provide quantitative phase determination, 
these PXRD patterns were analysed with a basic Rietveld refinement strategy. Whilst atomic coordinates were entered, 
for simplicity, they were not refined to each pattern (Appendix Figures A1–7). 
Table 7: (MIL-53)x(agZIF-62)1-x unit cell refinements. Crystallographic data determined from Rietveld analyses of total scattering 
data of the (MIL-53)x(agZIF-62)1-x X-ray diffraction series. 



















MIL-53-lp* 6.608(1) 16.675(3) 12.813(2)       
MIL-53-np*     19.513(2) 7.612(1) 6.576(1) 104.241(1)  
(MIL-53)0.3(agZIF-62)0.7 6.59(1) 16.9(1) 12.65(5) 100     0 
(MIL-53)0.4(agZIF-62)0.6 6.61(2) 16.7(2) 12.71(9) 100     0 
(MIL-53)0.5(agZIF-62)0.5 6.64(2) 17.0(1) 12.46(6) 100     0 
(MIL-53)0.6(agZIF-62)0.4 6.64(2) 17.0(1) 12.44(4) 100     0 
(MIL-53)0.7(agZIF-62)0.3 6.64(2) 16.9(3) 12.55(13) 60(5) 19.22(10) 7.80(4) 6.82(5) 107.5(6) 40(5) 
(MIL-53)0.8(agZIF-62)0.2 6.63(2) 16.8(3) 12.63(11) 55(5) 19.37(11) 7.73(3) 6.91(4) 106.2(4) 45(5) 
(MIL-53)0.9(agZIF-62)0.1 7.02(6) 16.5(1) 12.74(8) 30(5) 19.37(7) 7.83(2) 6.84(4) 105.8(5) 70(5) 
* Published data by Loiseau et al.  
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5.1.3 Crystal–Glass Composite Microstructure 
Scanning transmission electron microscopy (STEM) was used to investigate the microstructure in the 
(MIL-53)x(agZIF-62)1−x CGCs (Figure 84, Appendix Figures A8–9). Scanning electron diffraction (SED) was used to map the 
number of Bragg diffraction peaks measured in the diffraction pattern recorded at each probe position, as the electron 
probe was scanned across the sample, to reveal the location of the crystalline phases in MOF CGCs, as shown in part c) 
of each figure. These crystallinity maps demonstrate close contact between crystalline and noncrystalline regions within 
the MOF CGCs across the composition range. Comparison with compositional maps showing the distribution of metal 
centres, obtained via STEM X-ray energy-dispersive spectroscopy (STEM-EDS) mapping of the same particles and shown 
in part a) of each figure, confirms that the crystalline regions correspond to those which are rich in Al metal centres, as 
expected for MIL-53.  
 
Figure 84: Scanning transmission electron microscopy of MOF CGC particles of (MIL-53)0.6(agZIF-62)0.4. a. Compositional maps of Al 
(red) and Zn (blue) metal centres from STEM-EDS mapping. b. Annular dark-field images. c. Crystallinity maps showing the number of 
Bragg peaks as a function of probe position in SED data. The colour intensity scale for the crystallinity maps showing the number of 
Bragg scattering peaks identified at each probe position in the scanned field of view is presented for reference. Bragg peaks are recorded 
only from crystalline material, and the number of peaks recorded at each position depends on the local crystal orientation. The scale is 
identical for all images.  
Samples of 60, 70, and 90 wt% were specifically chosen to isolate areas of large and narrow-pore MIL-53 for a better 
understanding of the MIL-53-lp phase stabilisation phenomenon. Regions showing scattering from the (200) or (110) of 
the MIL-53-np phase could not be identified in any of the samples. Likely, this is due to the ultra-high vacuum conditions 





With microstructural analysis, we move to an atomic scale analysis of the materials using PDF analysis. Data of the 
samples were recorded on the I15-1 beamline at Diamond Light Source, UK (λ = 0.161669 Å, EE20038-1, see Section 
3.1.4.2). Structure factors, S(Q), of the composite series were obtained from processing the total scattering data of the 
composite series and the corresponding crystalline mixtures, (MIL-53)(ZIF-62)(X/Y), where X and Y represent the 
respective weight percentages of each component.  
The structure factors of the crystalline components as expected show Bragg scattering from both phases, and those peaks 
corresponding to ZIF-62 are replaced with a diffuse scattering in the composite series. Appropriate corrections of these 
data were performed with GudrunX software and the data were Fourier transformed to obtain the corresponding PDFs 
(Figure 85). The intensity of the peaks in the PDF of the (MIL-53)(ZIF-62)(X/Y) series varies proportionally between the 
two end-members (MIL-53-as and ZIF-62) as a function of the relative proportions of each end member. The PDFs of the 
composite series do not display the same ideal conformity between the two end-members (MIL-53-as and agZIF-62). This 
is likely due to (i) mixtures of MIL-53-lp and MIL-53-np phases present, (ii) possible interactions at the interfaces between 
the crystal and glass, and (iii) slight difference between MIL-53-as and MIL-53-lp as the proper end member for the series 
(Figure 85).  
  
Figure 85: PDF series of the crystalline and composite series with predicted atomic correlations. a. Overlay PDFs of the 
(MIL-53)x(agZIF-62)1−x series with agZIF-62 and MIL-53-as for comparison. (Inset) MIL-53-lp (Al, pink; O, red; C, grey) with correlation 
assignments. b. Overlay PDFs of the crystalline mixtures of the (MIL-53)(ZIF-62)(X/Y) series with MIL-53 and ZIF-62. (Inset) ZIF-62 (Zn, 
red; N, blue; C, grey) with correlation assignments. c. Simulated PDFs of MIL-53-lp, MIL-53-np, and ZIF-62 using PDFGUI software. Sub-
1 Å data are due to the way the solvent occupancies were modelled in the published crystallographic information files used. 
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A comparison of the PDFs of (MIL-53)(ZIF-62)(X/Y) and (MIL-53)x(agZIF-62)1-x shows that correlations ascribed to the short-
range order of ZIF-62 are retained after vitrification (Figure 85 peaks 1-5). These peaks may be assigned to C–C (1.38 Å, 
1), Zn–N (1.98 Å, 2), Zn–C (3.02 Å, 3), Zn–N (4.18 Å, 4), and Zn–Zn (5.96 Å, 5) interatomic distances, confirmed by simulated 
PDF (Figure 86). In the composites, correlations above 6 Å ascribed to ZIF-62 tend to zero due to the loss of long-range 
order. Interatomic distances associated with MIL-53 may be identified in both series (Figure 85 peaks a&b)—these peaks 
are assigned to Al–C (4.71 Å, a), and Al–Al (6.57 Å, b) interatomic distances—though they are noticeably less intense due 
to weaker scattering of Al compared to Zn, confirmed by simulated PDF (Figure 86). In the composite series, all 
correlations past the short-range order of ZIF-62 (~8 Å) originate from crystalline MIL-53. Predicted PDF patterns for 
ZIF-62, MIL-53-as, MIL-53-np, and MIL-53-lp with their corresponding metal–metal and metal–(N or O) are provided in 
Figure 85.  
The PDF of (MIL-53)0.9(agZIF-62)0.1 contains correlations at 10, 13.1, and 14.8 Å, which qualitatively agree with peak 
positions in a predicted PDF for MIL-53-np (Figure 86c). These are absent in the experimental PDF of MIL-53-as. The 
identification of the MIL-53-np phase within the (MIL-53)0.9(agZIF-62)0.1 agrees with PXRD data collected. We note that 
the PDFs of (MIL-53)0.8(agZIF-62)0.2 and (MIL-53)0.7(agZIF-62)0.3 do not display readily distinguishable MIL-53-np PDF 
correlations belonging to MIL-53-np. This may imply that an insufficient concentration of the MIL-53-np phase is present 
in these samples to give rise to such correlations, especially considering that the peak at 10 Å corresponds to a minimum 
in the PDFs from MIL-53-lp and MIL-53-as. 
 
Figure 86: Simulated total and partial PDFs of ZIF-62 and MIL-53-lp. a. Simulated G(r) data for zinc-nitrogen, zinc-zinc, and all 
correlations in ZIF-62. b. Simulated G(r) data for zinc-nitrogen, zinc-zinc, and all correlations in MIL-53-lp. c. Comparison of 
(MIL-53)0.9(agZIF-62)0.1 with PDFs of MIL-53-as and MIL-53-np simulated using their respective crystalline structures in PDFGUI. 
 
109 
5.1.4 Maximum CO2 Uptake 
A sample of (MIL-53)0.25(agZIF-62)0.75 was previously observed to possess a CO2 gas uptake of 66% that of a pure sample 
of MIL-53-np. Given that (i) MIL-53-lp is the main contributor to the adsorption capacity, and (ii) the phase of MIL-53 
remains unaltered to loadings of ⩽ 60 wt%, the adsorption capacities are expected to increase across those composites 
displaying only the MIL-53-lp phase. However, changes in adsorption trends are expected on moving to compositions 
above 60 wt%, i.e. the emergence of the MIL-53-np phase. The relationship between MIL-53 loading and gas uptake 
properties was probed using CO2 gas adsorption isotherms for the full compositional series of MOF CGCs (Figure 87).  
 
Figure 87: CO2 gas adsorption for the composition series of (MIL-53)x(agZIF-62)1-x. In these isotherms adsorption and desorption points 
are marked by solid and open points, respectively, and measured at 273 K. 
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A small degree of hysteresis is observed for most samples but most prominent for those of (MIL-53)0.6(agZIF-62)0.4 and 
(MIL-53)0.7(agZIF-62)0.3. Hysteresis in the composite samples is likely due to the reduced diffusion kinetics caused by the 
glass component. It would be expected that the degree of hysteresis, given the same equilibration time across the 
samples, to correlate with the percentage of glass within the samples. This is not the case in these samples and likely 
indicates some degree of experimental error.  
As an indication of reproducibility, three CO2 isotherms of a sample of (MIL-53)0.25(agZIF-62)0.75 taken at various points in 
this thesis were contrasted against one another (Appendix Figure A10). These samples are part of three separate batches, 
produced by myself and Dr Jingwei Hou, and analysed using two separate instruments. It is clear that there is some error 
in the equilibration or calibration of the experiments. From these experiments, the value at 1013 mbar (the highest point 
on the lowest recorded isotherm) is averaged with the centre of the hysteresis loop at 1013 mbar for the other two 
isotherms. The error in this value is then recorded as the largest difference in the value from the average. Since 
experiments were not repeated for the other samples within the series, the error in these values is taken as the full range 
of recorded values for the sample of (MIL-53)0.25(agZIF-62)0.75 to indicate a reasonable error. 
For the samples of (MIL-53)0.25(agZIF-62)0.75 – (MIL-53)0.6(agZIF-62)0.4, the total CO2 quantity adsorbed increases in a 
broadly linear fashion, from 1.06 to 2.55 mmol/g, following the increasing concentration of MIL-53 in these samples, 
which is all present in the MIL-53-lp phase (Figure 88). A direct comparison of the gas sorption capacity of pure MIL-53-lp 
is not possible because the phase is unstable under the (room temperature) conditions used for gas adsorption 
measurement of these composites. Furthermore, any high-temperature study on MIL-53-lp provides a poor comparison 
given the temperature dependence of gas adsorption. 
 
Figure 88: Quantity adsorbed from gas adsorption isotherms for the (MIL-53)x(agZIF-62)1−x series at 1 bar using CO2 gas at 273 K. The 
quantities adsorbed for samples of activated MIL-53 (MIL-53-np, 1.99 mmol/g) and agZIF-62 (0.79 mmol/g) are displayed by blue and 
purple lines, respectively. 
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(MIL-53)0.7(agZIF-62)0.3 and (MIL-53)0.8(agZIF-62)0.2 also display successively higher CO2 adsorption. These two samples 
possess comparable amounts of MIL-53-lp, though the greater proportion of MIL-53 compared to agZIF-62 in the latter 
sample renders its total CO2 uptake higher. A significant decline in capacity is observed for (MIL-53)0.9(agZIF-62)0.1 as this 
material primarily comprises the MIL-53-np phase. Pure samples of MIL-53-np and agZIF-62 were previously shown to 
display CO2 adsorption capacities of 1.99 and 0.79 mmol/g, respectively (at 273 K at 1 bar pressure). Furthermore, the 
sorption capacity of MIL-53-as is expected to be far lower than that of MIL-53-np due to the pore occupying species. 
Hence, compared with the room temperature stable forms of the pure MIL-53 (i.e. MIL-53-np and MIL-53-as), the 
composite has the greatest CO2 capacity under ambient conditions. As before, mesopores are expected in all of the 
composites, which may enhance CO2 uptake capacity. 
5.2 Conclusions 
In this chapter, a compositional series of (MIL-53)x(agZIF-62)1-x crystal–glass composites have been synthesised. Sample 
composition was confirmed by NMR, which displayed relevant linker peak integrals varying in proportion to their relative 
contributions. The crystalline phase contribution of MIL-53 was determined by Rietveld refinement of X-ray diffraction 
studies, concluding that for MIL-53 loadings up to 60 wt%, the only phase observed at room temperature is the 
metastable MIL-53-lp.  
Beyond this limit, a percentage of the excluded MIL-53-lp phase proceeds to form MIL-53-np upon cooling. This 
demonstrates a maximum total loading capacity of between 60 and 70 wt % MIL-53 within agZIF-62 in this case. Gas 
adsorption measurements demonstrate that the maximum effective gas adsorption capacity of the (MIL-53)x(agZIF-62)1-
x series is around 80 wt %. Here, the MOF CGC displays a CO2 adsorption capacity that far exceeds the value of pure 
MIL-53-np; a sample of just 30-40 wt % loading of MIL-53 is expected to adsorb a similar quantity of CO2 to a sample of 
pure MIL-53-np. These results show that relatively high loading capacities of crystalline MOFs within a MOF glass can be 
achieved and provide a first look at the interesting physical properties which may arise as a result.  
This investigation into the loading limit of a MOF CGC system may open multiple avenues for potential future research. 
One such avenue may be the advancement of processing methods, leading to larger incorporations of the active MOF 











Chapter 6 Exploring Alternative Crystalline MOF 
Systems 
 
Predominantly, this work has discussed examples of MOF CGCs that have been successfully fabricated using MIL-53. In 
this chapter, the thermal stabilities of various other non-melting potential MOF candidates are studied, searching for 
those with decomposition temperatures above 450 °C. This chapter details efforts to synthesise a variety of MOF CGCs 
to uncover interesting potential properties. Thermogravimetric analysis of various materials was carried out to screen for 
obvious framework decomposition before 450 °C. Whilst many samples appeared to show mass loss events in regions 
where activation was expected, many MIL compounds were shown to undergo multiple-step framework decomposition. 
Two MOFs displayed definite thermal stability to the CGC synthesis conditions: MIL-118, Al2O2(C10O8H2), and UL-MOF-1, 
Li2(2,6-ndc) (2,6-ndc, 2,6-naphthalenedicarboxylate). MOF-CCGs were subsequently synthesised using these two 
materials, and the gas sorption properties of these materials were investigated. This work is published in the following 
manuscript:  
 
[1] Ashling C. W., Macreadie L. K., Southern T. J. F., Zhang Y., McHugh L. N., Evans R., Kaskel S., Telfer S. G., and 
Bennett T. D., Guest size limitation in metal–organic framework crystal–glass composites, J. Mat. Chem. A. 
2021, 9, 8386–8393. 
Towards this publication, synthesis of MOFs, PXRD, PXRD refinements, TGA, and MOF CGC syntheses were all performed 
by myself. S. Kaskel provided samples of DUT-6 and DUT-8. T. J. F. Southern aided in the collection and processing of SEM 
data. L. K. Macreadie and S. G. Telfer aided in the collection and analysis of gas sorption data. Y. Zhang synthesised and 
melted a sample of ZIF-62 for gas sorption experiments. The manuscript was written by myself and T. D. Bennett with 
input from all authors.  
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6.1 Material Selection 
The extension of this approach to crystalline MOFs, other than the previously described system using MIL-53, is 
dependent upon their structural integrity at the temperatures required for the fabrication of the MOF CGC (e.g. Tm, ZIF-62 
= 437 °C).65 This is further complicated by the lack of thermal stability data using standardised atmospheric conditions 
and heating rates, and furthermore by the lack of data on stability when held isothermally at elevated temperatures.117  
In turn, the lack of additional MOF CGC chemistries limits any further conclusions on the gas sorption and separation 
behaviour of these materials, which is confined to N2 and CO2 adsorption on MIL-53 based samples only. Such 
considerations motivated us to provide further examples of MOF CGCs from different crystalline chemistries and 
architectures and evaluate their gas adsorption behaviour. 
 
Table 8: Reported thermal stabilities of crystalline MOF component candidates. 
MOF Composition Decomposition 




CUmof-9 Yb2(2,6-ndc)3(H2O)·(H2O)2 550a 5 288 
DUT-6 Zn4O(2,6-ndc)(btb)4/3(def)16(H2O)9/2 ~400 5 289 
DUT-8 Ni2(2,6-ndc)2(dabco) ~400 5 290 
MIL-68 V(OH)(BDC) ~500 10 261 
MIL-118 Al2(OH)2(C10O8H2) ~450 1 191 
MIL-120 Al4(OH)8(C10O8H2) ~480 1 262 
MIL-126(Sc) Sc3O(H2O)2(bpdc)3X  
(X = OH or Cl) 
~500 10 263 
UL-MOF-1 Li2(2,6-ndc) 610a 10 192 
2,6-ndc = naphthalene-2,6-dicarboxylate 
BDC = benzene-1,4-dicarboxylate 
bpdc = biphenyl-4,4’-dicarboxylate 
btb = benzene-1,3,5-tribenzoate 
def = N,N-diethylformamide 
dabco = 1,4-diazabicyclo[2.2.2]octane 
  
a Experiment performed under an inert atmosphere   
 
Several MOF candidates for the crystalline filler were selected according to their reported thermogravimetric analyses 
(TGA) indicating the required stability to 450 °C (Figure 89) and were synthesised using the published procedures (see 
Section 3.2.1), except for DUT-6 and DUT-8—S. Kaskel kindly provided activated samples of these. An elevated low angle 
baseline is also observed in these samples—which is more pronounced in those with less intense peaks e.g. MIL-68 and 




Figure 89: Synthesis of a range of MOF materials. PXRD patterns of the as-synthesised and predicted patterns of a. CU-mof-9, b. MIL-
68, c. MIL-120, d. MIL-126, e. MIL-118, and f. UL-MOF-1. 
Each of these frameworks shows a similar diffraction profile to the predicted pattern. Notably, (i) the synthesised MIL-68 
sample displayed weak Bragg diffraction peaks; however, this is consistent with the reported pattern.261 (ii) the 
synthesised MIL-126 sample displays the greatest similarity in the position of the two reflections at 6° and 7° 2θ and little 
similarity elsewhere. However, this may be due to the measurement of a non-activated sample. (iii) predictably, MIL-118 
is synthesised in its as-synthesised “MIL-118A” phase. 
Each of the eight frameworks selected was analysed using TGA conducted at a standard heating rate of 10 °C/min under 
inert nitrogen (N2) to confirm thermal stability (Figure 90a). The onset of thermal decomposition, Td, below 450 °C was 
only observed for samples of DUT-6 and DUT-8. However, the Tds of these two materials were greater than the reported 
values due to the faster heating rate used in our evaluation compared to those employed in the literature. As mass loss 
had already begun to occur at 450 °C, and given the need for isothermal heat treatment at this temperature for CGC 




Figure 90: Thermogravimetric analysis of a series of MOF CGC filler candidates. a. Thermogravimetric analysis, performed at 10 °C/min 
under nitrogen gas on the MOFs listed in Table 8, and Thermogravimetric analysis of b. DUT-8, and c. DUT-6, displaying the normalised 
mass loss and the first differential of the normalised mass with respect to time. This experiment was performed at a heating rate of 10 
°C/min under a nitrogen protective atmosphere. 
To provide a more accurate evaluation of thermal stability, the remaining MOFs were heated to 450 °C for 1 min, under 
N2, and allowed to cool to room temperature in situ. Ambient temperature powder X-ray diffraction (PXRD) data were 
then recorded (Figure 91). This relatively simple experiment highlighted the importance of performing thermal analysis 
of MOFs using an appropriate set of conditions, chosen according to the individual processing or application 
requirements. For example, Bragg peaks intensities in the PXRD pattern for MIL-68 (Figure 91b) were reduced to near 
negligible levels, alongside a  significant reduction in intensities, or changes in the patterns, for MIL-120 and MIL-126(Sc) 
(Figure 91c,d). This is consistent with the thermal analysis performed by Volkringer et al., confirming that the first step in 
decomposition for MIL-120 is due to ligand degradation.262 An unreported recrystallisation of CUmof-9 was also observed 
(Figure 91a), though the high-temperature phase was not identified. MIL-68, MIL-120, MIL-126, and CUmof-9 were, 
therefore, not studied further.  
The PXRD patterns of the three remaining samples: MIL-118, UL-MOF-1, and MIL-53-np, displayed Bragg peaks in good 
agreement with their room temperature structures after heating to 450 °C (Figure 91e,f, Figure 92). UL-MOF-1 has been 
reported to display exceptional thermal stability (Td = 610 °C); the structure consists of alternating two-dimensional 
antifluorite type lithium oxide layers connected by 2,6-ndc struts (Figure 92c).192 No flexible behaviour has been reported 
for this material. Conversely, MIL-118, Al2(OH)2(C10O8H2) (C10O8H24- - benzene-1,2,4,5-tetracarboxylate), exhibits a water-




Figure 91: Thermal treatment of a selection of MOF fillers to determine crystal stability. Powder X-ray diffraction patterns of a. CUmof-
9, b. MIL-68, c. MIL-120, d. MIL-126, e. MIL-118, and f. UL-MOF-1 before and after heat treatment, including the simulated patterns for 
each structure for comparison. 
MIL-118 is typically synthesised with excess ligand in the pores of the framework and is named MIL-118A (C2/c). Upon 
heating MIL-118A, this excess ligand is removed, resulting in the open-pore framework, MIL-118B (Pbam), which is stable 
at high temperatures. Upon cooling, the framework adsorbs water to form the room temperature stable phase, MIL-118C 
(Pnam). The transition causes a shift from the rectangular 1-D tunnels in MIL-118B to lozenge-shaped channels, with 
water molecules occupying the pores in MIL-118C. Temperature-induced breathing is observed between the MIL-118C 




Figure 92: Crystal structures of suitable crystalline MOFs for MOF CGC fabrication. Representations of a. MIL-118B, b. MIL-118C, c. 
UL-MOF-1, d. MIL-53-lp where; carbon – black, oxygen – red and M–O nodes replaced by blue polyhedra. Hydrogen atoms have been 
omitted for clarity. The unit cell is indicated by a black box with an overlay of crystallographic axes. 
6.2 Successful Synthesis of Further MOF CGCs 
MOF CGCs containing 50 wt% crystalline UL-MOF-1 and MIL-118 were synthesised using the method outlined previously 
for a CGC containing MIL-53. Ambient temperature PXRD data were recorded for the three MOF CGCs. As expected, Bragg 
peaks present in the crystalline sample of UL-MOF-1 were also present in (UL-MOF-1)0.5(agZIF-62)0.5. PXRD data for 
(MIL-53)0.25(agZIF-62)0.75 demonstrated the presence of the open-pore MIL-53 phase, per previous results.251,17 
Interestingly, the PXRD data for (MIL-118)0.5(agZIF-62)0.5 indicated little change in lattice parameters from the synthesised 
MIL-118 sample, which remained in the low-temperature MIL-118C (Pnam) phase (Figure 93, Table 9). This shows that, 
unlike the MIL-53 in (MIL-53)0.25(agZIF-62)0.75, the MIL-118 encapsulated within the glass does not retain the high-
temperature MIL-118B (Pbam) phase (Figure 93a). 
In Chapter 4, the ingress of water was shown not to drive a transition from MIL-53-lp back to MIL-53-np in a room 
temperature MOF CGC.16 It was, therefore, suggested that the stabilisation of MIL-53-lp does not arise because it is 
excluded from entering the composite CGC material. Instead, the polymeric phase is not soft enough to accommodate a 
large-scale change of the crystal phase structure, while the interfacial contact between the two phases is maintained.16 
Here, it is perhaps the case that either (i) interfacial contact between MIL-118 and the glass is less than that of MIL-53 
and the glass, or (ii) that the volume changes upon the transition from MIL-118B to MIL-118C can be accommodated by 




Figure 93: Crystallinity of (MIL-118)0.5(agZIF-62)0.5, and (UL-MOF-1)0.5(agZIF-62)0.5. PXRD data of a. (MIL-118)0.5(agZIF-62)0.5, and b. 
(UL-MOF-1)0.5(agZIF-62)0.5. Recorded data in black, Pawley refinements in red, difference patterns in blue, and hkl indices in purple 
underneath the respective patterns. 
Table 9: Comparison of pure and composited MOF unit cells. Lattice parameters from published crystallographic files and the 
corresponding lattice parameters of the crystalline material as determined by Pawley refinements.191,192 
Sample Lattice parameters  
 a (Å) b (Å) c (Å) β (°) Rwp 
MIL-118C 12.132 6.619 17.227 90 - 
(MIL-118)0.5(agZIF-62)0.5 12.127 6.431 17.459 90 11.152 
 





(UL-MOF-1)0.5(agZIF-62)0.5 10.316 5.373 8.727 98.547 7.677 
 
Scanning electron microscopy (SEM) images of MIL-53-np, MIL-118, and UL-MOF-1 display micrometre-sized crystals 
(Figure 94). Samples of MIL-118 and MIL-53 display reasonable size and shape uniformity in comparison to UL-MOF-1, 
which comprises a range of morphologies from 10 μm cubic structures to 200 μm sheets (Figure 94e,f). This occurs despite 
(i) X-ray diffraction phase purity which matches the reported crystallographic information, and (ii) a single thermal 




Figure 94: SEM and optical images of MIL-118, UL-MOF-1, and their respective MOF CGCs . SEM images of a–b. MIL-118C, c–d. 
(MIL-118)0.5(agZIF-62)0.5, e–f. UL-MOF-1, and g–h. (UL-MOF-1)0.5(agZIF-62)0.5.    
 
Figure 95: Structural investigations of (MIL-118)0.5(agZIF-62)0.5. Scanning electron microscopy images of a shard of 
(MIL-118)0.5(agZIF-62)0.5. An enhanced view of the surface defect in a. highlighted in red is shown in b.  
The MOF CGCs formed in each case demonstrated self-supporting, contiguous, bulk morphologies. SEM performed upon 
deliberately fractured pieces of these materials did not contain distinguishable remnants of the respective parent 
crystalline phases at the surface of the composite (Figure 94). Their self-supporting nature, coupled with the smooth 
surface of the MOF CGCs, provides evidence that the liquid ZIF-62 permeated through the pellet. However, a region of 
coarse material matching the morphology of MIL-118 was observed at a macroscale surface defect in the sample of 
(MIL-118)0.5(agZIF-62)0.5 (Figure 95). 
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6.3 Gas Uptake Behaviour 
Prior work on MOF CGCs has investigated only the gas uptake behaviour of a series of (MIL-53)x(agZIF-62)1-x CGCs with 
carbon dioxide (CO2) and nitrogen (N2).16,17 A range of analyte gases was employed here to investigate the factors 
underpinning gas uptake in MOF CGCs. Gas sorption isotherms were performed predominantly at 273 K, with further 
experiments performed for some gases at 77 K and 293 K. For full experimental methodology, see Section 3.1.9.2. 
6.3.1 Gas Sorption Properties of agZIF-62 
A sample of pure agZIF-62 was prepared (see Section 3.2.1) and observed to exhibit porosity towards H2 (1.05 mmol/g at 
77 K, and 0.18 mmol/g at 273K) and CO2 (0.95 mmol/g at 273 K) (Figure 96), both significantly lower than crystalline 
ZIF-62 which adsorbs ~6.03 mmol/g H2 at 77 K  and ~1.79 mmol/g CO2 at 273 K.55 These results are in accordance with 
previous studies which demonstrate porosity in ZIF-glass materials.73  
Methane (CH4) adsorption for agZIF-62 was observed in this work at 0.21 mmol/g at 273 K (Figure 96b), in agreement 
with the reported measurement of 0.18 mmol/g and representing a decrease from the reported value of 1.21 mmol/g in 
the crystalline ZIF-62.258 Hysteresis is observed in the agZIF-62 isotherms as a result of the diffusion limitations through 
the amorphous structure, increasing in magnitude with the kinetic diameter of the adsorbent, also consistent with prior 
work.58,72 This is especially evident in the propene isotherm, with the uptake amount appearing to diminish in the region 
70–100 kPa. This is an artefact of slow diffusion kinetics. The recorded adsorption/desorption points are not at 
equilibrium and are imperfectly estimated in the higher-pressure region. 
 
Figure 96: Gas adsorption isotherms of agZIF-62. Solid and open circles of the same colour indicate adsorption and desorption, 
respectively. 
Remarkably, in addition to the reported selectivity towards propane (C3H8) and propene (C3H6) by agZIF-62 by Frentzel-
Beyme et al.,58 some selectivity towards ethene (C2H4) over ethane (C2H6) is observed here with uptakes of 0.46 and 0.29 
mmol/g, respectively (Figure 96). Industrially, the separation of small hydrocarbons is currently performed using 
cryogenic high-pressure distillation processes and accounts for a large portion of global energy expenditure. Membrane-
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based separation of these materials is reportedly tenfold less energy-intensive making development in this area both 
environmentally and economically desirable.115 
6.3.2 Gas Sorption Behaviour of MOF CGCs 
To understand how incorporation within agZIF-62 affects the gas sorption properties of the crystalline MOF, the results 
for the pure crystalline material are compared to that of the MOF CGC. Samples of MIL-118C and (MIL-118)0.5(agZIF-62)0.5 
display identical trends in their adsorption isotherms of H2, CH4, and CO2, indicating no significant change in the chemical 
environment of MIL-118 upon inclusion in the MOF CGC (Figure 97a,b). Since MIL-118C displays porosity to H2 at 77 K, 
the negligible uptake of H2 at 273 K is ascribed to temperature effects. However, the generally poor uptake capacity of 
MIL-118C is consistent with a dense atomic arrangement, in accordance with the published crystallographic 
information.191  
 
Figure 97: Differences in gas adsorption isotherm trends between the pure crystalline and composite samples. Gas adsorption 
isotherms of samples of a. MIL-118C, b. (MIL-118)0.5(agZIF-62)0.5, c. UL-MOF-1and d. (UL-MOF-1)0.5(agZIF-62)0.5. Solid and open circles 
of the same colour indicate the adsorption and desorption, respectively. 
The adsorption of gases at 273 K by the 50 wt% composite material, (MIL-118)0.5(agZIF-62)0.5, is broadly comparable to a 
linear combination of the parent materials (Table 10). This, however, is not the case for H2 adsorption at 77 K. Here, the 
recorded composite uptake is greater than either of its parent components and more than double the weighted average 
of the parent materials; this may suggest the presence of macroporous interfacial regions.  
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Identical experiments were performed on UL-MOF-1 and (UL-MOF-1)0.5(agZIF-62)0.5, and again, the generally poor 
adsorption to UL-MOF-1 is consistent with a dense structure (Figure 97c,d). The same thermal effects observed in the 
MIL-118 H2 isotherms at 77K and 273 K were also observed for UL-MOF-1. The gas uptakes displayed by 
(UL-MOF-1)0.5(agZIF-62)0.5 are broadly consistent with a linear combination of parent UL-MOF-1 and agZIF-62 materials 
(Table 10). Interestingly, the 77 K H2 sorption isotherm for (UL-MOF-1)0.5(agZIF-62)0.5 also exhibits a twofold increase in 
gas uptake over the weighted average of its parent materials. 
Table 10: Measured and predicted MOF CGC gas uptake. Predicted and experimentally measured gas uptake of MOF crystal–glass














MIL-118     
Methane  0.016 0.212 0.114 0.122 
Carbon Dioxide  0.152 0.947 0.550 0.485 
Hydrogen (77 K) 0.440 1.051 0.746 1.632 
     
UL-MOF-1     
Methane 0.015 0.212 0.113 0.113 
Carbon Dioxide 0.051 0.947 0.499 0.370 
Hydrogen (77 K) 0.320 1.051 0.686 1.527 
     
 
The prediction of gas uptake through the weighted average of its components calculated here assume that the quantity 
of gas adsorbed in the MOF CGCs is due to the combined individual contributions from the two composited materials, 
where their adsorption is identical to the isolated components. It is important to note, however, that the hysteresis 
observed in the CO2 isotherms for both agZIF-62 and the isolated crystalline MOFs is no longer present in the respective 
MOF CGCs. This suggests that the MOF CGC reaches equilibrium more rapidly than its isolated components, indicating 
that there may be new pathways for the gas to diffuse in the MOF CGC. 
6.3.3 Further Investigation of MIL-53 MOF CGC Gas Sorption 
A CO2 adsorption isotherm was also recorded at 273 K for the pure crystalline sample of MIL-53-np and is consistent with 
previously reported data (2.25 mmol/g (recorded), and 2.13 mmol/g (reported) (273 K), Figure 98a,b).122 As expected, 
MIL-53-np displays a significantly higher uptake of C3H6 than C2H4, C2H6, or xenon (Xe), reaching 3.47 mmol/g (273 K). The 
observation of two-step isotherms when using larger hydrocarbons is consistent with pore-opening behaviour where 
MIL-53-np expands to the MIL-53-lp phase, as comprehensively illustrated in the literature.121  
Consistent with prior work, the MOF CGC exhibits appreciable porosity. However, due to fixation of the MIL-53-lp phase 
within the (MIL-53)0.25(agZIF-62)0.75 composite, the pore opening behaviour of pure phase MIL-53 is no longer observed, 
and all recorded isotherms of (MIL-53)0.25(agZIF-62)0.75 display Langmuir-type behaviour, often with hysteresis in the 
desorption branch. The CO2 sorption of a sample of (MIL-53)0.25(agZIF-62)0.75 displayed similar CO2 uptake behaviour to 
that recorded previously (1.33 mmol/g (recorded), and 1.14 mmol/g (reported)).122 The sample of 
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(MIL-53)0.25(agZIF-62)0.75 also displayed poor adsorption of both N2 and CH4 (<0.13 and <0.36 mmol/g at 273 K, 
respectively), since neither component of the CGC strongly adsorbs these gases (Figure 98c).  
Since this sample, unlike (MIL-118)0.5(agZIF-62)0.5 and (UL-MOF-1)0.5(agZIF-62)0.5, demonstrates a permeable crystalline 
component, further gas sorption experiments using larger gases were performed (Figure 98d). A considerable difference 
between the uptake of C2H4 and C2H6 is observed in a sample of (MIL-53)0.25(agZIF-62)0.75, which is typical of the agZIF-62 
component but is not observed in MIL-53. This result evidences the contribution of the adsorption properties of agZIF-62 
to the overall composite characteristics.  
 
Figure 98: Differences in gas adsorption isotherm trends between MIL-53-np and (MIL-53)0.25(agZIF-62)0.75. Gas adsorption isotherms 
of a–b. MIL-53-np, and c–d. (MIL-53)0.25(agZIF-62)0.75. Solid and open circles of the same colour indicate the adsorption and desorption, 
respectively. 
Of the gases employed, the most striking result was that of C3H6, where the composite adsorbs far less than the 
combination of the parent materials. A weighted average C3H6 adsorption of MIL-53 (3.47 mmol/g) and agZIF-62 (0.23 
mmol/g) for a 25 wt% MIL-53 mixture would be 1.04 mmol/g, where an uptake of only 0.69 mmol/g is observed for the 
composite. However, the adsorption isotherm for C3H6 to (MIL-53)0.25(agZIF-62)0.75 shows an increase in uptake on 
desorption, strongly indicating that the system had not reached equilibrium. This is likely due to poor diffusion of C3H6 
through the agZIF-62 matrix as a result of the comparatively large kinetic diameter of the gas. Though the MIL-53 
component in the composite would be the dominant contributor to the gas uptake, adsorption to this component is 




Thermal analysis of a selection of crystalline MOFs revealed that two MOFs: UL-MOF-1, and MIL-118, are suitable for 
inclusion with a MOF glass (agZIF-62) matrix. Despite reported TGA evidence to the contrary, several other crystalline 
MOFs were observed to undergo partial or complete collapse at the processing temperatures required for composite 
formation. This highlights the necessity of detailed thermal characterisation and the avoidance of an over-reliance on 
constant-rate TGA experiments.19 
It is clear from this research that to expand the scope of MOF CGCs to include frameworks with more diverse properties, 
new synthetic pathways must be explored. Two of such avenues may lie in (i) the utilisation of coordination polymers or 
MOFs with lower melting temperatures or (ii) exchanging the crystalline glass-forming MOF for a premade glass MOF. In 
doing so, the temperatures required for the fabrication of the MOF CGC may be reduced as the glass transition 
temperature (Tg) occurs at a lower temperature than the melting temperature (Tm) used here.161–163,291 
The adsorption behaviour of the resultant two new MOF CGCs is dominated by contributions from the agZIF-62 matrix, 
which prevents the diffusion of molecules with a kinetic diameter larger than that of C3H6. The development of more 
permeable agMOFs may aid in the expansion of MOF CGC applicability. Alternatively, work on overcoming percolation 
thresholds in MOF CGCs would mean guest diffusion is primarily controlled by the crystalline MOF component. This would 
allow further control of interactions leading to multifunctional materials with the ability to act as both molecular sieves 








Chapter 7 Thermomechanical Properties of MOF 
CGCs 
 
Though progress has been made on expanding the scope of possible MOF CGC materials through the use of novel 
fabrication methods, there remains little information regarding the effect of encapsulation on the physical properties of 
the crystalline MOF.39,251 Unusual physical behaviour has been observed in the (MIL-53)x(agZIF-62)1-x system, where the 
metastable open-pore MIL-53-lp phase is retained at room temperature; this phenomenon has been exploited to create 
MOF CGCs with significantly higher CO2 sorption capabilities.122 In contrast, whilst MIL-118 is also a "breathing" 
framework like MIL-53, the open-pore MIL-118B phase is not stabilised in the composite, and the low-temperature 
MIL-118C phase is observed in the MOF CGC. The behavioural divergence of the crystalline components in these two 
systems demonstrates that the nature of the fabricated MOF CGCs is more complex than that of a non-interacting system. 
In this chapter, the thermal expansion behaviour of three MOF CGCs, incorporating two flexible (MIL-53(Al) and MIL-118) 
and one rigid (UL-MOF-1) MOF within agZIF-62 matrices, is investigated. Specifically, variable-temperature powder X-ray 
diffraction data and thermomechanical analysis show the suppression of thermal expansivity in each of these three 
crystalline MOFs when suspended within a ZIF-62 glass matrix. In particular, for the two flexible frameworks, MIL-53(Al) 
and MIL-118, the average volumetric thermal expansion (αν) were found to be near-zero in the crystal–glass composite. 
This work is published in the following manuscript: 
 
[1] Ashling C. W., Lampronti G. I., Southern T. J. F., Evans R. C., and Bennett T. D., Thermal Expansion of Metal–
Organic Framework Crystal–Glass Composites, ChemRxiv, 2021, DOI: 10.26434/chemrxiv.14597670.v1 
Experiments performed in this manuscript were carried out by myself with the aid of G. I. Lampronti (for recording VT-
PXRD data, and Rietveld refinements) and T. J. F. Southern (for aid with statistical analysis). Analysis of the data and the 
preparation of the manuscript were carried out by myself and T. D. Bennett with input from all authors. 
 
128 
7.1 Variable Temperature Powder X-ray Diffraction (VT-PXRD) 
Variable temperature PXRD (VT-PXRD) was carried out to study the unit cell expansion of the three crystalline samples 
and their respective MOF CGCs. Samples of MIL-53-np, (MIL-53)0.25(agZIF-62)0.75, MIL-118, (MIL-118)0.5(agZIF-62)0.5, 
UL-MOF-1, and (UL-MOF-1)0.5(agZIF-62)0.5 were doped with a silicon standard (approximately 10% by volume), flattened 
onto a sample holder, and placed under vacuum (8.5 ×10-3 mbar). The sample displacement was then corrected using a 
silicon internal standard (Si, see Section 3.1.2.1.1). Each experiment began by heating the sample to 30 °C and 
equilibrating for 5 minutes before recording the initial PXRD pattern. Data were subsequently collected at 20 °C intervals 
to 310 °C, allowing for thermal equilibration before each collection (Figure 99). These images are contour plots of the 
PXRD patterns, which display a birds-eye view of the full VT-PXRD series, coloured by the peak intensity. 
 
Figure 99: Contour maps of variable temperature powder X-ray diffraction data. a. MIL-53, b. (MIL-53)0.25(agZIF-62)0.75 c. MIL-118, d. 
(MIL-118)0.5(agZIF-62)0.5, e. UL-MOF-1, f. (UL-MOF-1)0.5(agZIF-62)0.5. Intensity scale bar below, of which units are arbitrary. 
Unit cell parameters of the crystalline materials were then extracted using Rietveld refinement of the VT-PXRD data 
(Figures 100–105, see Section 3.1.3.1). In these refinements, the added silicon is used to determine sample displacement 
accurately before refining the crystalline MOF component in the PXRD patterns. Diffuse scattering of the glass is 
accounted for by including a broad Gaussian peak with the background in the refinements. In the case of MIL-53 and MIL-







Figure 100: Expansion of MIL-53-lp mapped by refinement of VT-PXRD data. a. Variable temperature powder X-ray diffraction patterns 
of MIL-53-lp. Black – experimental data, red - refinement, and b. Initial refinement of MIL-53-lp at 70 °C with peak marks for all phases. 





Figure 101: Expansion of (MIL-53)0.25(agZIF-62)0.75 mapped by refinement of VT-PXRD data. a. Variable temperature powder X-ray 
diffraction patterns of (MIL-53)0.25(agZIF-62)0.75. Black – experimental data, red – refinement, and b. Initial refinement of 
(MIL-53)0.25(agZIF-62)0.75 with peak marks for all phases. 





Figure 102: Expansion of MIL-118B mapped by refinement of VT-PXRD data.  a. Variable temperature powder X-ray diffraction 
patterns of MIL-118. Black – experimental data, red - refinement., and b. Initial refinement of MIL-118B with peak marks for all phases. 





Figure 103: Expansion of (MIL-118)0.5(agZIF-62)0.5 mapped by refinement of VT-PXRD data. a. Variable temperature powder X-ray 
diffraction patterns of (MIL-118)0.5(agZIF-62)0.5. Black – experimental data, red - refinement, and b. Initial refinement of 
(MIL-118)0.5(agZIF-62)0.5 with peak marks for all phases. 





Figure 104: Expansion of UL-MOF-1 mapped by refinement of VT-PXRD data. a. Variable temperature powder X-ray diffraction 
patterns of UL-MOF-1. Black – experimental data, red - refinement, and b. Initial refinement of UL-MOF-1 with peak marks for all 
phases. 





Figure 105: Expansion of (UL-MOF-1)0.5(agZIF-62)0.5 mapped by refinement of VT-PXRD data.  a. Variable temperature powder X-ray 
diffraction patterns of (UL-MOF-1)0.5(agZIF-62)0.5. Black – experimental data, red - refinement, and b. Initial refinement of 
(UL-MOF-1)0.5(agZIF-62)0.5 with peak marks for all phases. 
Diffraction Angle, 2θ (°) 
 
135 
The full results of these refinements are tabulated in Appendix Tables A1–6 and plotted in Figure 106, which describe 
the temperature dependence of the unit cell volumes for each of the refined unit cells within and without the MOF glass. 
The expansivity of each system may be compared through the calculation of the coefficient of thermal expansion in each 
system. 
 
Figure 106: Comparison of the crystalline MOF expansion within and without the composite. Refined unit cell volumes of the isolated 
MOFs and crystal–glass composites of a. MIL-118, b. UL-MOF-1, and c. MIL-53-lp. Estimated standard deviations are shown as error 
bars. 
7.1.1 Calculation of The Coefficient of Thermal Expansion 
The assumptions made for the calculation of CTE made in Section 3.1.2 are valid for all crystalline MOFs measured here. 
The volumetric and linear CTEs for the isolated MOFs and crystalline MOFs within the MOF CGCs were calculated over 
the temperature ranges stated, where linear relationships are observed (Table 11). Three distinct regions of unit cell 
volume change for the crystalline MIL-118 sample are evident in Figure 106a. The initial decrease in unit cell volume to 
110 °C may be attributed to the contraction of the structure upon conversion from MIL-118C to MIL-118B as water is 
 
136 
expelled from the framework. Evidence of this conversion is apparent from the change in PXRD pattern as shown in Figure 
99, and Figure 102, most notably the peak at ca. 18° 2θ. On completion of the transformation to MIL-118B, the structure 
expands uniformly between 110–230 °C where the first region of αν is calculated (35.6 × 10-6 K-1, taken at 110 °C). 
Table 11: Volumetric and linear coefficients of unit cell thermal expansion. Errors given as the average standard deviation reported 




Volumetric                                                   Linear 
αν* (10-6K-1) ⍺a* (10-6K-1) ⍺b* (10-6K-1) ⍺c* (10-6K-1) 
MIL-118B 110–230   35.572(5) 51.795(6) –3.1281(2) –12.982(1) 
 230–290   –1.6609(3) –8.8327(8) –3.8524(2)   10.795(1) 
(MIL-118)0.5(agZIF-62)0.5 110–250   –4.9963(15) –2.9865(7) –4.0969(7)     2.0710(2) 
 250–310   36.628(10) 30.507(6)   4.8333(7)     1.1480(1) 
UL-MOF-1 30–310 117.84(5)   0.84381(20) 18.300(5)   90.226(22) 
(UL-MOF-1)0.5(agZIF-62)0.5 30–310 103.22(7) –3.3784(19) 16.398(3)   80.862(24) 
MIL-53-lp 70–310     2.2259(23)   1.9377(6) –6.3306(54)     6.6444(34) 
(MIL-53)0.25(agZIF-62)0.75 70–310     5.3364(123) –4.1684(26)   6.9688(133)     2.5676(29) 
*Single value using the lowest temperature of the specified temperature range. 
 
The expansion over this range is dominated by extension along the a axis (αa = 51.8 × 10-6 K-1) which details the distance 
between Al–O columns connected by ortho-substituted carboxylates around the benzene-1,2,4,5-tetracarboxylate 
linkers. Above 230 °C, negligible change in the unit cell volume is observed (αν = –1.66 × 10-6 K-1, taken at 230 °C), possibly 
demonstrating a maximum unit cell volume—and by extension, pore size—under the experimental conditions. 
Decomposition of the sample is evident from the peak intensity reduction toward the end of the experiment (Figure 102); 
data at 310 °C is therefore omitted from the calculations.  
The unit cell expansion of MIL-118 within (MIL-118)0.5(agZIF-62)0.5 is also observed to undergo three distinct regions of 
change. The first region is analogous to the isolated material, where unit cell contraction occurs during the conversion to 
the MIL-118B phase, ending at 110 °C. After 110 °C, the thermal behaviour of the encapsulated MIL-118B diverges from 
the isolated sample; rather than steadily expanding, a slight decrease in the unit cell volume is observed from 110–250 
°C (αν = -5.00 × 10-6K-1, taken at 110 °C). At 250 °C, MIL-118B begins expanding at a similar rate (αν = 36.6 × 10-6K-1, taken 
at 250 °C) to the expanding region of the isolated crystalline material. The temperature at which MIL-118B begins to 
expand within agZIF-62 is broadly comparable to the softening point of agZIF-62, as demonstrated in the 
thermomechanical analysis in Figure 108. This thermal behaviour may be caused by the suppression of MIL-118 expansion 
by the rigid glass matrix, which permits the material to expand as it softens. 
The "rigid" UL-MOF-1 framework was observed to expand linearly across the 30–310 °C temperature range in this 
experiment via a single mode of expansion (Figure 106b). A single value of the volumetric CTE (αν) of UL-MOF-1 from 30–
310 °C was therefore calculated to be 118 × 10-6 K-1 which is dominated by expansion along the b and c axes (18.3 × 10-6 
K-1 and 90.2 × 10-6 K-1 respectively). Connectivity along the bc plane aligns with the planes of the Li-O sheets that make up 
UL-MOF-1. Li–Li distances in this plane must, therefore, increase as the area expands. The expansivity along the a axis is 
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almost negligible (1 × 10-6 K-1), which describes the distance between nearest lithium atoms on adjacent Li–O sheets and 
is limited by the length of the connecting 2,6-ndc linkers. These results are in accordance with a study carried out on a 
sodium analogue of UL-MOF-1, which details a decrease in the unit cell β angle and an increase in the volumetric and b 
parameters.292  
 
Figure 107: Crystal structures and their reversible transitions of the crystalline components of MOF CGCs synthesised. a. MIL-118C, 
b. MIL-118B, c. UL-MOF-1, d. MIL-53-np, and e. MIL-53-lp. (Metal, blue; O, red; C, black; H, white in UL-MOF-1 and omitted for clarity 
in others). Unit cells represented by black boxes. 
The expansion mode of UL-MOF-1 within (UL-MOF-1)0.5(agZIF-62)0.5 is identical to the isolated crystalline material; 
however, αν over the same temperature range was reduced by 12.4%, to 103 × 10-6 K-1 in the glass. It is apparent that 
expansion suppression by the agZIF-62 matrices is present even for MOF CGC systems containing "rigid" crystalline MOFs. 
A sample of MIL-53-np was prepared through the calcination of MIL-53-as (See Section 3.2.1). Upon reducing atmospheric 
pressure in the experimental setup, MIL-53-np underwent an expansion to the MIL-53-lp phase, according to previous 
studies.293 Incomplete conversion at this stage was evidenced by the presence of small Bragg peaks corresponding to 
MIL-53-np present in the PXRD pattern recorded at 30 °C but were no longer present by 70 °C. Refinement of the patterns 
from 70–310 °C indicated no change within the error. The near-zero net thermal expansion of MIL-53-lp over this range 
is broadly consistent with the <0.3% volumetric expansion of MIL-53-lp observed in a previous study, where no pressure 
reduction was applied.294 This expansivity behaviour is also observed for a sample of (MIL-53)0.25(agZIF-62)0.75, which was 
present in the MIL-53-lp phase as a result of the fabrication method (Figure 106c). 
7.1.2 Rationale for Phase Behaviour Divergence 
Previous gas sorption isotherms demonstrated that the retention of MIL-53-lp in the MOF CGC is not a result of the 
agZIF-62 hydrophobicity, suppressing the water-driven narrowing of the pores.251 Whilst linker penetration into the pores 
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of the crystalline MOF remains a possibility for the retention of MIL-53-lp in the composite, this work supports an 
alternative explanation for the disparity in behaviour between MIL-53 and MIL-118.  
The melting and glass transition temperatures of ZIF-62 are far greater than those required to convert MIL-53 or MIL-118 
to their respective high-temperature phases. Therefore, in the process of forming a MOF CGC, ZIF-62 melts and 
subsequently flows. At this temperature, MIL-53 and MIL-118 are present in their high-temperature phases. The relatively 
high vitrification temperature of ZIF-62 (Tg > 293 °C) means that when the glass is formed, the high-temperature phases 
of MIL-53 and MIL-118 are still present. This, therefore, excludes the possibility that the difference in behaviour is simply 
due to the temperature of transitions.  
Therefore, an explanation based upon the volume of expansion may explain why MIL-118 reverts to the low-temperature 
phase where MIL-53 does not. The transition from the high- to low- temperature phases of both MIL-53 and MIL-118 is 
accompanied by considerable volumetric change. However, it has been shown here that significant expansion of these 
crystalline materials is hindered within the glass phase. The expansion of each axis for both MIL-53 and MIL-118 is 
calculated in Table 12. In the case of MIL-53, the x and y axes are equal to the distance between Al atoms corresponding 
to the width and height of the diamond-shaped pores. The z axis is equal to the Al–Al distance across the Al–O–Al bonds 
along the Al–O columns. For MIL-118, the x and y axes are the distances between Al–O columns, and the z axis is the 
distance between Al–Al atoms within the Al–O columns. 
Table 12: Volumetric changes of MIL-53 and MIL-118 from their high- to low-temperature phases. 
 MIL-53  MIL-118 
Axis MIL-53-lp (Å) MIL-53-np (Å) Change (%)  MIL-118B (Å) MIL-118C (Å) Change (%) 
x 16.675 19.513 17.02  8.722 8.614 –1.23 
y 12.813 7.612 –40.59  5.666 6.067 7.08 
z 3.304 3.288 0.48  3.312 3.208 –3.14 
 
A possibility for why MIL-53 remains in the MIL-53-lp phase is due to the substantial uniaxial expansion (17.02 %) upon 
cooling to the MIL-53-np phase. Whilst a perpendicular 40.59 % contraction is also observed in the narrowing of the 
MIL-53 pores, the glass which has solidified around the MIL-53-lp phase may not be able to accommodate the expansion. 
However, in the case of MIL-118, the largest uniaxial expansion towards the MIL-118C phase is only 7.08 %. This difference 
in uniaxial expansion upon transition to the low-temperature phase may be the cause of the resultant phase behaviour 
divergence in the MOF CGCs. Thus, the presence of MIL-53-lp at room temperature in the MOF CGC may be a result of 
physical obstruction by the denser MOF glass matrix. 
7.2 Bulk Thermomechanical Measurements and CTE Comparison 
Complementary to the study of the crystalline MOFs within the composite, the thermal expansion of the bulk composites 
was recorded using thermomechanical analysis (TMA). This method involves the application of a very small force (0.05 N 
in this case) to the surface of a material and measures the change in material length upon heating. Such an analysis 
provides a one-dimensional change in length, L, over the temperature, T; quantifying the change, ΔL/ΔT provides a length 
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variant of the CTE, 𝛼L. Samples of agZIF-62, (MIL-53)0.25(agZIF-62)0.75, (MIL-118)0.5(agZIF-62)0.5, and 
(UL-MOF-1)0.5(agZIF-62)0.5 were thus probed using TMA. Experimental data are recorded in absolute length, so for 
meaningful comparison of material expansivity, data reported here are in percentage dimension change to account for 
differences in initial length (Figure 108).  
 
Figure 108: Bulk expansivity of the glass and MOF CGCs. Thermomechanical Analysis (TMA) of (MIL-53)0.25(agZIF-62)0.75, 
(MIL-118)0.5(agZIF-62)0.5, and (UL-MOF-1)0.5(agZIF-62)0.5. Including a guideline for the largest reported Tg of agZIF-62.15 
A pure sample of agZIF-62 is observed to exhibit the largest thermal expansivity (⍺L = 32.11 × 10-6 K-1) of the measured 
materials, following previously reported data (35 × 10-6K-1).295 Predictably, the sample of (UL-MOF-1)0.5(agZIF-62)0.5 with 
the largest volumetric expansion also exhibits the largest thermal expansion of the measured composites (⍺L = 27.59 × 
10-6 K-1, 143–306 °C). A smaller expansion of (MIL-53)0.25(agZIF-62)0.75 (⍺L = 14.22 × 10-6 K-1, 111–177 °C) is likely due to the 
very small expansion of the MIL-53-lp phase inside the composite and a larger contributing volume of ZIF-62 compared 
to that in (UL-MOF-1)0.5(agZIF-62)0.5. The initial sharp decrease in length in the (MIL-118)0.5(agZIF-62)0.5 is ascribed to the 
temperature-induced phase change of MIL-118 from MIL-118C to MIL-118B as observed in VT-PXRD. After this phase 
change, a small thermal expansion (⍺L = 8.79 × 10-6 K-1, 128–270 °C) is observed, arising from the combination of the 
negative thermal expansion from composited MIL-188B and the positive thermal expansion of agZIF-62. 
The density of each metal–organic framework (agZIF-62 = ~1.57 gcm-3, MIL-118B = 1.696 gcm-3, UL-MOF-1 = 1.606 gcm-3, 
and MIL-53-lp = 0.9797 gcm-3)65,121,191,192 is accounted for by assuming that the contribution of each material is equivalent 
to its vol%. An "isotropic" value of 1-dimensional expansivity, calculated by the average over the three mutually 
perpendicular coordinate axes (as determined by VT-PXRD), may represent the crystalline MOF contribution to the 1-D 
bulk expansivity. Averaging these isotropic values with the measured value of agZIF-62, weighted by their volume 
contributions, provides a predicted expansivity of a non-interacting system. 
The calculated value of (UL-MOF-1)0.5(agZIF-62)0.5 using data from the encapsulated UL-MOF-1 is nearer to the measured 
value than using the isolated crystalline UL-MOF-1 data. Samples of (MIL-53)0.25(agZIF-62)0.75 and (MIL-118)0.5(agZIF-62)0.5, 
however, show an appreciable reduction in expansivity compared to the calculated values. Whilst crystalline expansion 
values are reliably calculated from VT-PXRD refinements, these calculations assume that no substantial preferred 
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crystalline orientation is induced during the synthesis of the MOF CGCs. The range of ⍺L value boundaries under extreme 
orientation conditions are hence calculated by substituting the averaged, "isotropic" CTE value for the minimum and 
maximum linear CTE values of each crystalline material within the composite (Table 13). 
The range of possible (UL-MOF-1)0.5(agZIF-62)0.5 CTE values is relatively vast. However, the predicted and measured values 
remain broadly comparable, signifying no great degree of preferred orientation. In contrast, for the composites with 
"flexible" crystalline MOFs, (MIL-53)0.25(agZIF-62)0.75 and (MIL-118)0.5(agZIF-62)0.5, the near-zero CTE values along each 
crystallographic axis acutely narrow the range of values in extreme conditions. Notably, for these samples, the measured 
data remains considerably out of the predicted range. While preferential orientation may affect the measured data, it 
does not fully account for the disparity in predicted and measured values, even accounting for the minimum expansivity 
of the flexible crystalline MOF. Two further compounding factors may be (i) a discrepancy between the expansion of 
agZIF-62 in the pure and composite samples and (ii) macrostructural features, such as interfacial void spaces, that cause 
deviation in recorded values. If the former is true, a reduction in expansivity of agZIF-62 may indicate interacting 
behaviour between the agZIF-62 and the composited crystalline MOF. 
7.3 Mechanical Properties of MOF CGCs 
To further probe the behaviour of the MOF CGC systems, the Young’s moduli of each sample was extracted using 
nanoindentation. In the grinding stage of sample preparation, samples of (MIL-53)0.5(agZIF-62)0.5 and 
(UL-MOF-1)0.5(agZIF-62)0.5 repeatedly crumbled, and a flat sample surface could not be achieved. Lower loadings of each 
MOF CGC (25 wt%) were synthesised using the same fabrication procedure, and samples were successfully prepared for 
nanoindentation. 
Indentation values were obtained for each sample over a series of 40 indents, typically in an array, processed to remove 
anomalous experiments, and averaged to provide values of E for each sample (Figure 109). Young’s modulus values for 
(MIL-53)0.25(agZIF-62)0.75 are slightly lower than previously recorded (6.7 GPa compared to 7.7 GPa in Section 4.2.7) but 
represents a small change compared to the significant variation in reported values for agZIF-62 discussed in Section 2.4.2.  
Notably, whilst the incorporation of MIL-53 within the glass MOF has little effect on the recorded elastic modulus of the 
sample, incorporation of UL-MOF-1 or MIL-118 induce a significant increase in stiffness (E = 8.3 GPa and 9.3 GPa for the 
respective MOF CGCs). Furthermore, the incorporation of higher loadings of MIL-118 further stiffens the composite (E = 
13.1 GPa for (MIL-118)0.5(agZIF-62)0.5); however, this is accompanied by a decrease in measurement uniformity, 
observable in the broader standard deviation error. This change in the samples’ physical properties on the variation of 
Table 13: Calculated and measured 1-D expansion of the MOF CGCs studied herein. 
Sample 
Weighted Combination of 
Isolated MOF Components 
(10-6 K-1) 
Weighted Combination of 
Components within the 
MOF CGC 
(10-6 K-1) 







agZIF-62 -- -- -- -- 32.11 
(MIL-53)0.25(agZIF-62)0.75 21.18 21.54 19.47 23.35 14.22 
(MIL-118)0.5(agZIF-62)0.5 22.37 15.87 14.70 17.67 8.79 
(UL-MOF-1)0.5(agZIF-62)0.5 36.19 33.44 16.65 60.84 27.59 
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material incorporation may serve as a method to further tune the composite to bespoke requirements. Further 
investigation is required to determine the extent to which these properties may be tuned. 
 
Figure 109: Mechanical properties of MOF CGCs. a. Displacement dependence of Young’s moduli measured for samples of 
(MIL-53)0.25(agZIF-62)0.75, (MIL-118)0.25(agZIF-62)0.5, (MIL-118)0.5(agZIF-62)0.5, and (UL-MOF-1)0.5(agZIF-62)0.5. Pre- and post-indentation 
optical images of b. (MIL-53)0.25(agZIF-62)0.75, c. (MIL-118)0.25(agZIF-62)0.75, d. (MIL-118)0.5(agZIF-62)0.5, and e. 
(UL-MOF-1)0.25(agZIF-62)0.75. Scale bar is 30 μm. 
7.4 Conclusions 
In this work, the effect on the unit cell expansion of three crystalline MOFs, when suspended within an agZIF-62 matrix, 
was analyzed using refinements of VT-PXRD data. Bulk expansivity measurements were then recorded for agZIF-62 and 
all three MOF CGCs using TMA. Having determined the expansivity of the encapsulated crystalline materials and an 
isolated sample of agZIF-62, the one-dimensional bulk expansivity of the MOF CGCs was approximated using a weighted 
average of the component materials. Comparison of these values with recorded data for the MOF CGCs was performed 
to validate the approximation and speculate on possible MOF-agMOF interactions. 
When encapsulated within agZIF-62, the unit cell volume thermal expansivity of UL-MOF-1 behaves similarly to the pure 
crystalline material but is reduced by 12.4%. In contrast, samples of (MIL-53)0.25(agZIF-62)0.75 and (MIL-118)0.5(agZIF-62)0.5 
display near-zero volumetric thermal expansion of the crystalline MOFs. As a result, the aperture size of these flexible 
frameworks remains relatively stable within agZIF-62 compared to their isolated crystalline materials. The fixture of these 
apertures may be key to the reliability of host-guest interactions for systems utilising MIL-53 or MIL-118 over the 
measured temperature ranges. 
The experiments herein support an argument that the degree of expansion of the flexible crystalline component upon 
returning to the low-temperature phase determines whether the high-temperature phase is present in the room-
temperature composite. Therefore, it is proposed that metastable high-temperature phases of flexible systems with 
significant uniaxial expansion on cooling may be retained within a MOF CGC. 
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Furthermore, bulk expansivity approximations using a combination of VT-PXRD and TMA data were shown to greatly 
overestimate values for samples of (MIL-53)0.25(agZIF-62)0.75 and (MIL-118)0.5(agZIF-62)0.5, which may be a result of MOF-
agMOF interactions. The development of bulk property predictions presents an opportunity to produce zero thermal 
expansion MOF CGCs by offsetting the expansivity of the glass through the incorporation of MOFs with negative thermal 
expansivities.123 Such materials may be useful for applications such as glass-deposited electronics and settings in which 








Chapter 8 Conclusions and Further Work 
8.1 Conclusions 
8.1.1 A Novel Family of Materials 
A novel family of composite materials comprising a crystalline MOF within a MOF glass matrix has been developed in this 
work. These materials are most similar to the family of mixed-matrix membranes (MMMs), which embed crystalline MOFs 
within the bulk of a polymer. However, some critical differences between the two materials are (i) the higher Tg of MOF 
glasses compared to polymers permits broader operating temperatures, (ii) the greater stiffnesses of MOF glasses permits 
applications requiring enhanced structural rigidity, and (iii) the components are more structurally and chemical similar. 
This first example of a MOF composite formed from a crystalline MOF embedded in a MOF glass matrix represents a 
significant step in new materials discovery for the field. 
Initial work on MOF CGCs, detailed in Chapter 4, describes the design of the material where ranges of temporally available 
glass-forming hybrid materials are considered, in combination with a selection of crystalline MOFs. In this section, the 
compatibility of the two materials is discussed regarding their melting and decomposition temperatures. The subsequent 
synthesis and characterisation of the first successful MOF CGC is performed using an agZIF-62 glass matrix supporting 
MIL-53 within the glass. The physical characteristics of this MOF CGC are then studied using a variety of analytic 
techniques. Subsequently, the scope of studied systems is broadened in Chapter 6, where further MOF CGCs with 
alternative crystalline MOF components, MIL-118, and UL-MOF-1, are successfully fabricated. 
8.1.2 Crystalline Component Studies 
In the characterisation of the MIL-53 MOF CGC, PXRD analysis presented the retention of the high-temperature stable, 
large-pore MIL-53-lp phase at room temperature within the MOF CGC. This phenomenon was studied using synchrotron-
source variable temperature powder diffraction data to track the MOF crystallinity on heating, displaying a clear 
conversion of the MIL-53-as to the MIL-53-lp phase. The dispersion of the crystalline MOF within the CGC was revealed 
using STEM techniques. Well-dispersed ~100 nm regions of crystalline, aluminium dense sections, corresponding to 
regions with characteristic carboxylate profiles were observed. These areas may be confidently ascribed to clusters of 
crystalline MIL-53 within the glass. This same dispersivity was also observed with subsequent MOF CGCs fromed from 
MIL-118 and UL-MOF-1. 
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The phenomenon of MIL-53-lp retention within the glass was assumed to be caused by chemical bonding at the crystal–
glass interface. To probe this, the proximity of the two components were analysed using a variety of solid-state, COSY, 
and spin diffusion NMR. Assignable peaks of each component—including protonated BDC, assigned as surface ligands—
were observed, and polarisation transfer between the hydroxy groups of MIL-53 and the imidazolate linkers of agZIF-62 
was revealed. Though bonding could not be verified using this technique, this displayed clear evidence of component 
proximity in the MOF CGC. 
8.1.3 Bulk Material Studies 
One of the more unique properties of the MIL-53 MOF CGC, related to the suspension of the MIL-53-lp phase, is its 
enhanced gas sorption properties. In Chapter 4, it was revealed that a 25 wt% MOF CGC exhibited greater CO2 adsorption 
capacity than the combination of its parent materials. This phenomenon was then exploited in Chapter 5 by synthesising 
a series of composites varying the concentration of crystalline material. A maximum capacity of the glass was thus 
determined through the emergence of MIL-53-np peaks in the diffraction patterns between 60–70 wt%. However, though 
the CO2 uptake capacity increased with the concentration of MIL-53-lp present, an 80 wt% composite containing some 
MIL-53-np displayed the largest CO2 uptake at 3.37 mmol/g (compared to the respective CO2 capacities of crystalline 
MIL-53-np and agZIF-62 of 1.99 mmol/g and 0.79 mmol/g). Notably, some of the gas uptake may be ascribed to the 
induction of mesopores within the structure, likely at the interfaces. 
Due to the tortuous diffusion of gases through a glass, the permeability of this component is likely the limiting factor for 
MOF CGC applications. The gas uptake capabilities of the glass and the MOF CGCs were studied further in Chapter 6 using 
a variety of analyte gases. Whilst MIL-118 and UL-MOF-1 were determined to be too dense to significantly uptake even 
hydrogen, MIL-53 is porous to a range of analyte gases. In this MIL-53 CGC sample, the selective uptake of ethene over 
ethane, typical of agZIF-62, was preserved in the composite; secondly, significant hysteresis is observed in the propene 
adsorption isotherm. Since propene is reversibly adsorbed by a sample of MIL-53-np—and furthermore induced clear 
MIL-53-np to MIL-53-lp phase transition—this indicates an upper limit of kinetic diameter analyte gases that may 
permeate through the MOF glass. 
Furthermore, in Chapter 7 the thermal expansion of the MOF CGCs and of the isolated crystalline material was probed 
using TMA and refinement of VT-PXRD data, respectively. In these experiments, the change in expansion mode of the 
crystalline material when encapsulated within the glass matrix is revealed. Interestingly, no significant expansion is 
observed in either of the two flexible MOFs, MIL-53 and MIL-118, and the expansivity of UL-MOF-1 is reduced. These 
reductions in all measured MOF expansivities are ascribed to resistance from the surrounding dense glass matrix. 
Combining this information with water adsorption experiments in Chapter 4 provides a rationale for the divergence in 
phase behaviour of MIL-53 and MIL-118 within the MOF CGCs. Since the Tg of agZIF-62 is greater than the high- to low-
temperature phase transition of either framework, and the glass resists the expansion of the composited MOF, large 
uniaxial changes may be prevented by the vitrified glass. 
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8.1.4 Outlook of Current MOF CGCs 
The results of this work indicate that encapsulating crystalline MOFs within a porous MOF glass matrix may be a suitable 
method to aggregate MOF powders into bulk processable materials. In these materials, large quantities of MOF may be 
loaded within the glass, though the calculation of accurate volume fractions may be more informative and translatable 
to other systems than weight fraction reports. These MOF CGCs using agZIF-62 may be applied to gas storage/separation 
systems with critical diameters of gases up to that of propene (4.678 Å)296 and used at temperatures up to the Ts 
(softening temperature) of the host matrix. Furthermore, there lies potential to retain additional metastable MOFs at 
room temperature by obstructing transitions that occur with large expansion elements such as MIL-53. The prediction of 
resultant CTE values may overestimate in these cases, which is not yet fully explored; however, for “rigid” MOFs, rough 
estimates for the bulk expansivity of the MOF CGC may be predicted using the volume fraction weighted expansion values 
of the component materials. 
8.2 Further Work 
8.2.1 Component Compatibility 
 To better understand these materials and their full potential, further studies must be performed to extract information 
regarding the component interfaces. This would provide critical information concerning both the process by which the 
liquid MOF suffuses through the sample and how the crystalline MOF rests within the glass matrix. This knowledge would 
provide essential information such as whether the crystalline material rests within pockets of the glass, whether the glass 
is chemically bonded to the filler material, and whether pendant linkers of the glass penetrate within the pores of the 
MOF. Such information may provide clearer answers to uncertainties discussed herein. Furthermore, this would be 
informative to determine macrostructural properties such as crack propagation or antenna effects for luminescent MOFs. 
One method to possibly probe such information is through applying non-negative matrix factorisation (NMF) to PDF data 
recorded on the composites and parent materials. This method extracts interface PDF (iPDF) of the composites through 
the weighted subtraction of parent material PDF data. The resultant data may provide information regarding the atomic 
configuration at the composite interfaces.297 
8.2.2 Alternative MOF Components 
The balance between the melting of the glass former and the thermal stability of the crystalline MOF components has 
been discussed in this work, and the selection criteria have been laid out clearly. However, alternative MOF systems may 
exist, or become available through research into more thermally stable MOFs, for incorporation within further MOF CGCs. 
The potential range of these materials is vast and may permit the application of MOFs to systems incompatible with 
microcrystalline powders. 
To improve the gas separation properties of the MOF CGCs the incorporation of alternative porous MOFs with 
complementary gas separation properties to the host matrix may work synergistically to separate mixtures—rather than 
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decrease the volumetric performance of the crystalline MOF as with inert binders. Notably, this work has only considered 
the synthesis of MOF CGCs with a single MOF filler as proof-of-concept and for simplicity of analysis. However, the 
incorporation of more than one filler material may provide multi-functional materials. For example, it may be possible to 
incorporate two catalytically active MOFs working in tandem, or incorporating  two sensing MOFs for multi-functionality. 
Alternatively, the filler material may act as a property modulator; for example, the expansivity of the glass may be reduced 
through the incorporation of a negative thermal expansion material. In this case, a MOF CGC may be synthesised with 
zero thermal expansion properties. Further materials may be subsequently incorporated to enhance, for example, the 
optical properties, electrical/proton conductivity, mechanical properties or porosity of the composite. 
8.2.3 Development of the Glass Matrix 
To further expand the range of possible MOF CGCs and their applications from the perspective of the MOF glass 
component, the physical and thermodynamic properties of the glass must be considered. The greatest limiting factor to 
the synthesis of MOF CGCs is the high processing temperatures required to melt the glass-forming MOF. The generality 
of this family of materials would benefit greatly from reduced processing temperatures; this may be achieved through 
two means. The first of which requires the development of MOF glasses with lower melting temperatures. Investigation 
into the reduction of melting temperatures and glass transitions has been the focus of much scientific interest in the 
hybrid glass field and may yield MOFs with significantly lower transitions. However, such materials would face lower 
operating temperatures as the glass transition is also likely to decrease.  
The second method involves the exploitation of the glass transition to produce MOF CGCs at a lower temperature. 
However, the viscosity of the liquid is directly proportional to the applied temperature, meaning that the glass will be 
much more viscous at these lower temperatures. Despite this, successful MOF CGCs have already been produced by this 
method, broadening the range of incorporable MOFs.295 
Regarding the physical properties of the glass, among the most significant developments for these materials would be 
enhancing the glass’ porosity. In doing so, the glass may accommodate gases with larger kinetic diameters, thereby 
expanding the utility of these materials. Perhaps incorporating bulkier linkers that occupy larger spaces—hindering the 
optimal packing of the components—may open the structure to incorporate larger analyte gases. Furthermore, the rapid 
quenching of a sample may entrap the molecular structure in a lower density state, potentially increasing permeability. 
Furthermore, the development of these materials on a bulk scale would provide informative measurements using the 
traditional tensile testing equipment to determine some of the macrostructural properties of the material accurately. 
8.2.4 Development of Processing Techniques 
Though the processing of the MOF CGCs developed here has been successful for this proof-of-concept work, they would 
benefit from optimisation studies to enhance particular properties of the product or enhance the suitability of the 
fabrication process. In the current process, materials are subject to ball-milling and pelletisation, both of which induce 
large stresses/strains. However, the ball-milling of the crystalline component may be avoided by mixing the components 
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after the particle size reduction of the glass former; however, the crystalline component must be at the desired particle 
size. The mixing of the two components may then be performed by using a mixing rotor on the powders or a fluid 
suspension—evaporating the solvent thereafter. The pelletisation step may also be avoided if low enough temperatures 
are applied since longer heating times would lead to better flow of the liquid MOF. 
Lastly, the shaping of the end product is essential for industrially use, which is one of the key benefits of using a liquid-
state component. Bespoke shapes or morphologies may be produced using the techniques described here in combination 
with a mould for the starting materials. Alternatively, heating above the Tg of the glass but below the Td of the filler MOF 
may also allow the assimilation and shaping of standard-sized MOF CGC pellets. 
8.3 Final Word 
The generality of the novel materials detailed herein provides a promisingly vast scope for potential MOF CGCs, especially 
upon reduction of necessary MOF liquefaction temperatures. This inaugural work on MOF CGCs will hopefully serve to 
guide the development of further MOF CGCs and other supported crystalline MOF aggregates. However, further research 
is required to probe the fundamental properties of these materials more thoroughly. It is possible that these materials, 
given their porosity and preferential adsorption, may be used in zero thermal expansion, gas storage, gas separation, or 
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8.4 Rietveld Refinements of X-ray Synchrotron Total Scattering Data 
 
Figure A1: Rietveld refinement of (MIL-53)0.3(agZIF-62)0.7. X-ray synchrotron total scattering data, Rietveld refinement, difference, and 
hkl tick marks for (MIL-53)0.3(agZIF-62)0.7. 
 
Figure A2: Rietveld refinement of (MIL-53)0.4(agZIF-62)0.6. X-ray synchrotron total scattering data, Rietveld refinement, difference, and 





Figure A3: Rietveld refinement of (MIL-53)0.5(agZIF-62)0.5. X-ray synchrotron total scattering data, Rietveld refinement, difference, and 
hkl tick marks for (MIL-53)0.5(agZIF-62)0.5. 
 
  
Figure A4: Rietveld refinement of (MIL-53)0.6(agZIF-62)0.4. X-ray synchrotron total scattering data, Rietveld refinement, difference, and 






Figure A5: Rietveld refinement of (MIL-53)0.7(agZIF-62)0.3. X-ray synchrotron total scattering data, Rietveld refinement, difference, and 
hkl tick marks for (MIL-53)0.7(agZIF-62)0.3. 
 
Figure A6: Rietveld refinement of (MIL-53)0.8(agZIF-62)0.2. X-ray synchrotron total scattering data, Rietveld refinement, difference, and 







Figure A7: Rietveld refinement of (MIL-53)0.9(agZIF-62)0.1. X-ray synchrotron total scattering data, Rietveld refinement, difference, and 
hkl tick marks for (MIL-53)0.9(agZIF-62)0.1. 
 
8.5 STEM-EDS Images of MIL-53 MOF CGCs 
 
Figure A8: Scanning transmission electron microscopy of MOF CGC particles of (MIL-53)0.7(agZIF-62)0.3. a. Compositional maps of Al 
(red) and Zn (blue) metal centres from STEM-EDS mapping. b. Annular dark-field images. c. Crystallinity maps. The scale is identical for 




Figure A9: Scanning transmission electron microscopy of MOF CGC particles of (MIL-53)0.9(agZIF-62)0.1. a. Compositional maps of Al 
(red) and Zn (blue) metal centres from STEM-EDS mapping. b. Annular dark-field images. c. Crystallinity maps. The scale is identical for 
all images. 
8.6 Comparison of MOF CGC Gas Sorption Isotherms 
 
Figure A10: Testing the reproducibility of gas sorption isotherms of (MIL-53)0.25(agZIF-62)0.75. Comparison of CO2 isotherm experiments 






8.7 VT-PXRD Rietveld Refinement Values 
Table A1: Refinement values of the VT-PXRD of MIL-53-lp. 
T (°C) rwp χ2 a (Å) a  
st. dev. 
b (Å) b  
st. dev. 






70 9.71 4.04 6.6494 0.0019 16.8596 0.0143 12.7927 0.0066 1434.15 1.48 
90 10.07 4.11 6.6498 0.0019 16.8513 0.0150 12.7879 0.0069 1432.97 1.54 
110 9.61 3.96 6.6485 0.0018 16.8548 0.0139 12.7840 0.0063 1432.55 1.43 
130 9.46 3.90 6.6489 0.0017 16.8496 0.0130 12.7872 0.0060 1432.57 1.35 
150 9.40 3.92 6.6490 0.0017 16.8386 0.0127 12.7952 0.0059 1432.54 1.32 
170 9.38 3.86 6.6499 0.0016 16.8381 0.0126 12.7996 0.0059 1433.20 1.30 
190 9.24 3.79 6.6510 0.0015 16.8337 0.0118 12.8065 0.0056 1433.84 1.23 
210 9.28 3.78 6.6516 0.0016 16.8328 0.0122 12.8007 0.0058 1433.23 1.27 
230 9.28 3.82 6.6524 0.0015 16.8406 0.0118 12.8015 0.0055 1434.16 1.23 
250 8.97 3.69 6.6514 0.0015 16.8323 0.0112 12.8078 0.0053 1433.93 1.17 
270 9.24 3.78 6.6519 0.0015 16.8450 0.0116 12.8014 0.0054 1434.41 1.20 
290 9.14 3.81 6.6511 0.0014 16.8282 0.0110 12.8054 0.0052 1433.26 1.15 
310 8.81 3.73 6.6512 0.0014 16.8295 0.0106 12.8055 0.0050 1433.38 1.10 
 
 
Table A2: Refinement values of the VT-PXRD of (MIL-53)0.25(agZIF-62)0.75. 
T (°C) rwp χ2 a (Å) a  
st. dev. 
b (Å) b  
st. dev. 






30 2.95 1.63 6.5848 0.0051 16.2963 0.0246 12.9001 0.0123 1384.29 2.70 
50 2.91 1.60 6.6003 0.0046 16.4249 0.0264 12.7947 0.0128 1387.06 2.79 
70 3.12 1.71 6.6236 0.0041 16.7346 0.0320 12.6471 0.0144 1401.85 3.24 
90 2.98 1.63 6.6269 0.0046 16.8022 0.0270 12.5993 0.0113 1402.89 2.76 
110 2.85 1.55 6.6281 0.0035 16.8297 0.0239 12.5649 0.0098 1401.60 2.39 
130 3.02 1.65 6.6176 0.0043 16.8210 0.0262 12.5668 0.0110 1398.88 2.66 
150 2.94 1.61 6.6212 0.0042 16.7489 0.0261 12.6057 0.0113 1397.93 2.67 
170 3.16 1.74 6.6201 0.0041 16.8457 0.0342 12.5637 0.0137 1401.10 3.34 
190 3.43 1.88 6.6183 0.0044 16.7338 0.0388 12.6074 0.0165 1396.27 3.83 
210 2.98 1.66 6.6251 0.0035 16.8340 0.0254 12.5623 0.0104 1401.04 2.52 
230 3.17 1.76 6.6193 0.0040 16.8359 0.0379 12.5660 0.0154 1400.38 3.69 
250 3.05 1.68 6.6226 0.0034 16.8532 0.0323 12.5795 0.0134 1404.01 3.16 
270 3.08 1.71 6.6192 0.0040 16.7919 0.0364 12.6243 0.0155 1403.18 3.60 
290 3.21 1.78 6.6198 0.0037 16.8022 0.0332 12.6268 0.0143 1404.43 3.29 








Table A3:  Refinement values of the VT-PXRD of MIL-118. 
T (°C) rwp χ2 a (Å) a  
st. dev. 
b (Å) b  
st. dev. 






70 8.42 2.03 11.4201 0.0015 6.6282 0.0005 8.7238 0.0007 660.35 0.11 
90 8.19 1.99 11.4128 0.0013 6.6248 0.0004 8.7258 0.0007 659.73 0.10 
110 8.37 2.02 11.4220 0.0013 6.6221 0.0004 8.7210 0.0007 659.63 0.10 
130 8.24 2.00 11.4321 0.0012 6.6222 0.0004 8.7193 0.0006 660.10 0.09 
150 8.39 2.02 11.4492 0.0011 6.6211 0.0004 8.7149 0.0006 660.65 0.09 
170 8.38 2.02 11.4584 0.0011 6.6207 0.0004 8.7137 0.0006 661.05 0.09 
190 8.30 1.99 11.4695 0.0011 6.6212 0.0004 8.7117 0.0006 661.59 0.09 
210 8.64 2.08 11.4835 0.0011 6.6207 0.0004 8.7096 0.0007 662.18 0.09 
230 8.84 2.10 11.4914 0.0011 6.6192 0.0004 8.7074 0.0007 662.31 0.10 
250 8.63 2.06 11.4925 0.0013 6.6175 0.0004 8.7073 0.0007 662.20 0.10 
270 8.08 1.90 11.4860 0.0015 6.6175 0.0005 8.7108 0.0008 662.10 0.12 
290 7.59 1.74 11.4868 0.0024 6.6175 0.0006 8.7125 0.0009 662.27 0.17 
310 6.57 1.48 11.4776 0.0032 6.6135 0.0009 8.7087 0.0010 661.05 0.22 
 
 
Table A4: Refinement values of the VT-PXRD of (MIL-118)0.5(agZIF-62)0.5. 
T (°C) rwp χ2 a (Å) a  
st. dev. 
b (Å) b  
st. dev. 






70 4.03 1.33 11.5017 0.0025 6.6281 0.0010 8.6987 0.0010 663.15 0.19 
90 4.17 1.42 11.4791 0.0018 6.6248 0.0010 8.7036 0.0009 661.88 0.16 
110 4.17 1.36 11.4602 0.0026 6.6252 0.0012 8.7087 0.0009 661.21 0.20 
130 4.75 1.65 11.4583 0.0023 6.6251 0.0011 8.7102 0.0011 661.21 0.19 
150 4.16 1.43 11.4583 0.0024 6.6234 0.0009 8.7115 0.0009 661.14 0.18 
170 4.09 1.42 11.4537 0.0021 6.6259 0.0010 8.7114 0.0010 661.12 0.17 
190 4.23 1.45 11.4537 0.0025 6.6242 0.0009 8.7104 0.0010 660.87 0.19 
210 3.80 1.28 11.4525 0.0022 6.6246 0.0009 8.7140 0.0008 661.12 0.17 
230 4.18 1.43 11.4556 0.0021 6.6219 0.0010 8.7123 0.0010 660.89 0.17 
250 4.21 1.44 11.4564 0.0023 6.6207 0.0009 8.7106 0.0010 660.69 0.18 
270 4.02 1.38 11.4657 0.0019 6.6209 0.0008 8.7119 0.0010 661.35 0.15 
290 4.08 1.30 11.4714 0.0020 6.6228 0.0008 8.7115 0.0009 661.84 0.16 











Table A5: Refinement values of the VT-PXRD of UL-MOF-1. 
T (°C) rwp χ2 a (Å) a  
st. dev. 
b (Å) b  
st. dev. 
c (Å) c  
st. dev. 






30 15.63 2.87 10.3062 0.0025 5.3492 0.0016 8.6859 0.0021 98.5935 0.0006 473.48 0.22 
50 15.12 2.81 10.3077 0.0025 5.3545 0.0015 8.7117 0.0020 98.5306 0.0006 475.50 0.21 
70 16.06 2.98 10.3120 0.0026 5.3581 0.0016 8.7322 0.0019 98.3901 0.0006 477.31 0.21 
90 14.26 2.60 10.3115 0.0027 5.3593 0.0015 8.7509 0.0018 98.2870 0.0006 478.55 0.21 
110 13.69 2.50 10.3123 0.0024 5.3610 0.0013 8.7674 0.0017 98.1874 0.0006 479.76 0.19 
130 13.71 2.48 10.3098 0.0026 5.3604 0.0014 8.7821 0.0018 98.0796 0.0006 480.52 0.20 
150 13.01 2.32 10.3110 0.0024 5.3630 0.0015 8.7926 0.0018 97.9552 0.0006 481.53 0.20 
170 13.53 2.43 10.3124 0.0026 5.3614 0.0015 8.8049 0.0020 97.8849 0.0006 482.21 0.21 
190 13.43 2.41 10.3089 0.0048 5.3647 0.0022 8.8227 0.0027 97.8675 0.0010 483.34 0.33 
210 12.73 2.31 10.3123 0.0025 5.3635 0.0014 8.8384 0.0023 97.8394 0.0006 484.28 0.21 
230 12.46 2.27 10.3104 0.0022 5.3634 0.0013 8.8582 0.0023 97.8873 0.0006 485.21 0.20 
250 11.59 2.10 10.3117 0.0021 5.3726 0.0013 8.8686 0.0021 97.8240 0.0006 486.75 0.19 
270 12.18 2.23 10.3119 0.0034 5.3773 0.0019 8.8836 0.0031 97.7801 0.0008 488.06 0.29 
290 11.54 2.11 10.3111 0.0040 5.3801 0.0022 8.9038 0.0035 97.7649 0.0010 489.41 0.34 
310 11.56 2.19 10.3106 0.0052 5.3821 0.0029 8.9135 0.0046 97.7127 0.0013 490.16 0.44 
 
 
Table A6: Refinement values of the VT-PXRD of (UL-MOF-1)0.5(agZIF-62)0.5. 
T (°C) rwp χ2 a (Å) a  
st. dev. 
b (Å) b  
st. dev. 
c (Å) c  
st. dev. 






30 4.16 1.50 10.3176 0.0058 5.3405 0.0011 8.6812 0.0026 98.4889 0.0009 473.10 0.32 
50 4.29 1.57 10.3200 0.0055 5.3414 0.0011 8.7025 0.0026 98.5213 0.0009 474.41 0.31 
70 3.94 1.41 10.3059 0.0057 5.3437 0.0011 8.7229 0.0023 98.3941 0.0009 475.24 0.31 
90 4.09 1.51 10.3095 0.0055 5.3447 0.0011 8.7352 0.0025 98.3061 0.0009 476.27 0.31 
110 3.98 1.45 10.3004 0.0048 5.3482 0.0011 8.7433 0.0021 98.1934 0.0008 476.74 0.27 
130 4.10 1.45 10.3097 0.0059 5.3482 0.0011 8.7620 0.0026 98.1571 0.0010 478.24 0.33 
150 3.56 1.28 10.3005 0.0052 5.3504 0.0010 8.7733 0.0021 98.0308 0.0008 478.77 0.28 
170 3.92 1.39 10.3084 0.0062 5.3536 0.0011 8.7911 0.0027 98.0782 0.0010 480.34 0.34 
190 3.68 1.27 10.3049 0.0052 5.3548 0.0010 8.7990 0.0023 97.9314 0.0008 480.89 0.29 
210 3.85 1.32 10.3136 0.0063 5.3564 0.0011 8.8134 0.0028 97.8776 0.0010 482.29 0.35 
230 3.79 1.30 10.3142 0.0057 5.3564 0.0011 8.8343 0.0026 97.8618 0.0009 483.48 0.32 
250 4.26 1.47 10.2976 0.0059 5.3599 0.0012 8.8478 0.0031 97.7407 0.0010 483.90 0.35 
270 4.01 1.40 10.3000 0.0061 5.3607 0.0011 8.8537 0.0027 97.6302 0.0010 484.53 0.34 
290 4.08 1.39 10.3062 0.0058 5.3635 0.0012 8.8694 0.0032 97.5698 0.0010 486.01 0.34 
310 3.99 1.38 10.3049 0.0056 5.3643 0.0011 8.8846 0.0032 97.5437 0.0010 486.88 0.34 
 
 
 
